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ABSTRACT

Hussain, Noor F. Ph.D., Purdue University, December 2013. Influence of Cholesterol and
Bilayer Asymmetry on Membrane Protein Distribution in Polymer-Tethered Raftmimicking Lipid Membranes. Major Professor: Christoph A. Naumann.

It is now widely recognized that lipid rafts, which are membrane domains
enriched in cholesterol (CHOL) and sphingolipids (SL), play a significant functional role
in the plasma membrane. Raft domains particularly affect membrane functionality by
causing sequestering of membrane proteins. Underlying mechanisms of raft-associated
membrane protein sequestration remain elusive, due to the complexity, transient nature,
and small size of raft domains in cellular membranes. To address these challenges, this
dissertation unveils the relationship between lipid raft composition and membrane protein
sequestration and function using raft-mimicking model membrane mixtures comprised of
coexisting liquid-ordered (lo) and liquid-disordered (ld) domains with reconstituted
membrane proteins. In particular, we address the potentially important, but poorly
understood role of membrane asymmetry in membrane protein sequestration and function.
A sensitive experimental method comprised of confocal fluctuation spectroscopy and
photon counting histogram (PCH) analysis is utilized to analyze the sequestration and
oligomerization state of αvβ3 and α5β1 integrins in raft-mimicking lipid mixtures. In

xvii
asymmetric bilayers, coexisting lo-ld phase separations are located in the top leaflet, while
the bottom leaflet exhibits a homogeneous ld phase. The comparison of symmetric
bilayers with bilayer-spanning lo-ld phase separations results revealed that αvβ3 and α5β1
show lo phase preference in asymmetric bilayers, but ld phase affinity in symmetric
bilayers. Previously it has been shown that integrins translocate from the ld to lo phase
upon addition of their respective ligands in symmetric bilayers, while there was no
notable translocation of integrins in response to addition of native ligands in asymmetric
bilayers. These interesting results indicate that integrin sequestration is dependent on lo
and ld differences in lipid packing density, hydrophobic mismatch of integrin
transmembrane and lipid bilayer regions, as well as the interaction between bilayer and
integrin extracellular region. Next we investigated the influence of CHOL content on
integrin sequestration because CHOL concentration influences lipid packing density,
bilayer thickness, and line tension between lo and ld domains. Importantly, our data show
that CHOL plays a substantial role in integrin sequestration in raft-mimicking lipid
mixtures. These findings highlight the important role of bilayer asymmetry, distinct lipid
densities and bilayer thicknesses in lo and ld regions of the bilayer for the regulation of
membrane protein sequestration.
Changes in lipid packing density may also impact membrane elastic properties
and lateral stress within the bilayer. Previously it has been shown that phospholipid
monolayers with elevated concentration of lipopolymers are able to respond to increasing
lateral stress by inducing membrane buckling, a stress relaxation phenomena. As part of
the current dissertation, we established that membrane buckling can also be induced by
gradually increasing CHOL concentration in polymer-tethered membranes of low

xviii
lipopolymer content. Further analysis using quantitative epifluorescence and atomic force
microscopy, combined with buckling theory for a thin elastic sheet confirmed that CHOL
causes buckling due to the increase in biaxial stress within the membrane. These findings
are intriguing in light of the important role of CHOL in membrane functionality.

1

CHAPTER 1. INTRODUCTION

1.1

Rationale and Objectives

Lipid rafts are regions in biological membranes that are enriched in CHOL, SL and
Glycophosphatidylinositol (GPI)-anchored proteins. These functional membrane
heterogeneities play a significant role in many membrane-related cellular processes, such
as raft-mediated transmembrane signaling, membrane protein sorting, cell adhesion,
morphology, and angiogenesis (1-3). Lipid rafts have also been linked with the
pathogenesis of several diseases (4). Investigating raft-associated membrane protein
functionality remains challenging, due to the small size of raft domains in cellular
membranes. Another complication is that lipid raft associations are dynamic and have a
short life span in living cells (5, 6).
Consequently, model membranes have emerged as alternative experimental
platforms to investigate raft-associated protein processes (7-9). A particular strength of
model membrane studies is that sequestering and functionality of membrane proteins can
be explored in well-defined, raft-mimicking membrane environments. In combination
with single molecule detection techniques, model membranes allow the study of raftassociated protein processes with high sensitivity. Previously our group developed such a
model membrane platform, in which the sequestering and
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oligomerization status of αvβ3 and α5β1 integrins was investigated in tertiary phase
separated polymer-tethered lipid bilayers comprised of raft-mimicking liquid-ordered (lo)
and liquid-disordered (ld) lipid-lipid phase separations (3). Integrins were chosen because
of their involvement in many raft-associated activities, such as cell adhesion, morphology,
motility, and angiogenesis (10-12). This previous study was performed on symmetric
bilayers, where the phase separated lo-ld domains were present in both leaflets of the
bilayer. Furthermore, the effect of native extra-cellular matrix (ECM) ligands was
investigated on the sequestering and oligomerization status of integrins. The obtained
results showed that αvβ3 and α5β1 in polymer-tethered lipid bilayers favorably separate
into ld domains. Furthermore, the addition of ligands caused significant translocations of
both integrins from ld to lo regions. These translocations are remarkable because, the
addition of ligands did not affect the integrin oligomerization state (3).
Although our previous experiments provided valuable insight of raft-associated
sequestration behavior, they did not address the fact of the asymmetric bilayer
composition in eukaryotic membranes. The outer (exoplasmic) leaflet of such membranes
is rich in SL and phosphatidylcholine (PC) lipids and the inner (cytoplasmic) leaflet
contains PC, phosphatidylethanolamine (PE), phosphatidylserine (PS), and
phosphatidylinositol (PI) lipids. Similar amounts of CHOL are present in both leaflets
(13-16). Asymmetrically distributed lipid-anchored membrane proteins are also observed
in the membrane. For example, GPI-anchored proteins are mostly present in the outer
leaflet of the membrane; on the other hand, prenylated proteins are found in the inner
leaflet. This protein asymmetry is exists as a result of different biosynthetic pathways in
the biological system (13-15). Interestingly, the clustering of GPI-anchored proteins in
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the exoplasmic leaflet of the plasma membrane is associated with the co-clustering of Src
kinase in the cytoplasmic leaflet (17). Since both lipid anchored proteins show an affinity
for lipid rafts, they have been postulated to form raft-mediated trans-bilayer signaling
platforms. Yet, the potentially important role of bilayer asymmetry as such is a process
that remains poorly understood.
CHOL levels in the membrane represent another potentially important, but not fully
understood process that may influence raft-associated membrane protein processes.
CHOL, a major component in many the cell membranes, affects the functionality of a
variety of membrane proteins, including ion channel proteins, transporter proteins, and
receptor proteins. Some membrane proteins are selectively enriched in CHOL rich
domains (e.g., acetylcholine receptor), while others are predominantly formed in CHOL
poor domains (e.g., sarcoplasmic reticulum Ca2+-ATPase) (18). CHOL also plays a
significant role in the sorting and rearrangement of transmembrane (TM) proteins. Yet,
the specific molecular mechanism of CHOL function on membrane protein sequestration
and function remain unclear. For example, it has been shown that CHOL can alter the
tilting angle of TM peptides according to the hydrophobic mismatch hypothesis (19). At
the same time, CHOL is also known to influence protein sequestration by affecting lipid
packing density (19). Again, model membrane studies in well-defined lipid composition
are well-suited to shed more light into this fascinating topic.
CHOL not only plays a specific role in protein-membrane interactions that is not
well understood, but also influences crucial material properties of biological membranes,
such as membranes stiffness. Therefore, my next project was focused on studying the
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fascinating mechanical properties and stress relaxation phenomena of cell membranes
and the impact of CHOL therein.
Buckling phenomena in biological systems are well documented (20-23). Most,
prominently, the human lung shows membrane buckling in response to applied stress.
The lung is covered by a monolayer composed of phospholipids and lung proteins that
help to reduce the surface tension and allow reversible membrane wrinkling and folding
during normal breathing (20). Cytoskeleton-mediated formation of highly curved
structures, as found in lamellipodia, filopodia, pseudopodia, phagocytic cups, and axonal
growth cones, represent another prominent examples (21-23).
Yet, the underlying mechanisms of membrane buckling remain a topic of open
debate. Therefore, efforts have been made to investigate such processes using model
membrane systems. Simple lipid monolayer and bilayer systems are not well suited for
such studies because they are softer than typical biological membranes. Previously,
membrane buckling was successfully investigated on lipid monolayers with lung
surfactants (24). Membrane buckling has also been reported on giant vesicles, with actin
shells, in which buckles were induced by actin polymerization (25).
More recently, our group reported formation of membrane buckles in
physisorbed polymer-tethered membranes (20), (26). Specifically, we were able to
induce buckles in such model membrane systems by altering lipopolymer concentrations.
Here buckle formation was observed in polymer-tethered monolayers of higher (15-30
mol%) concentrations of poly (2-ethyl-2-oxazoline) lipopolymers, which could be
attributed to lateral stress relaxation of the monolayer in response to elevated
concentrations of conically shaped lipopolymers in the membrane (20). In addition, a
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metric could be derived between membrane elasticity and quantifiable buckling
parameters such as, maximum height of buckles (wmax) and buckle half width (b), by
combining mean-field calculations of polymer-tethered membranes and buckling theory
for a straight-sided blister (26). It is well known that CHOL substantially contributes to
bending elasticity in model and biological membranes. As a consequence, we
hypothesized that membrane buckling in a polymer-tethered membrane could also be
induced by CHOL addition.
My research study had two major objectives, namely investigating the role of
asymmetric distributions of lipids on protein sequestration and oligomerization, and
developing a metric for associating membrane stiffness and membrane buckling by
building membranes of different stiffness and observing their buckling behavior. Based
on the described rationale, the first objective of my work was to investigate protein
recruitment studies in raft-mimicking model membranes of asymmetric compositions and
different CHOL content. Here we wanted to investigate the protein recruitment and the
resulting molecular process for raft-mimicking lipid mixtures of asymmetric
compositions, where phase separated lo-ld domains are exclusively present in the top
leaflet (monolayer-spanning domains) of the bilayer. In the bottom leaflet, there is a
continuous ld phase. A schematic representation of the symmetric and the asymmetric
bilayer system is depicted in Figure 1. To distinguish bilayer-spanning and monolayerspanning phase separations, the following abbreviations are introduced: Mlo, monolayer
associated lo region; Mld, monolayer associated ld region: Blo, bilayer-spanning lo region;
Bld, bilayer-spanning ld region. According to these definitions, the symmetric bilayer
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contains coexisting Blo and Bld regions. The asymmetric bilayer has Mlo/ Mld regions and
Bld regions.
Specifically, we planned to explore the impact of monolayer vs. bilayer-spanning
bilayers lo-ld domains on sequestering and oligomarization status of integrins. To achieve
this objective, we constructed model membranes of asymmetric compositions with lo-ld
phase separations exclusively located in the top leaflet of the bilayer (bottom leaflet
shows ld phase) and analyzed the integrins sequestration behavior in such membrane
systems. The second part of my first objective is to investigate the effect of lipid packing
density and hydrophobic thickness on integrin sequestration and oligomerization. In
order to achieve this goal, we constructed lipid bilayers with raft-mimicking lipid
mixtures of different CHOL content and studied integrin sequestration properties.

Figure 1: Schematic diagram of lo-ld phase separations in polymer-tethered lipid bilayers
of asymmetric (left) and symmetric (right) bilayers. In the asymmetric bilayer, lo-ld phase
separations are totally positioned in the top leaflet (LS monolayer) of the bilayer while
the bottom leaflet (LB monolayer) is characterized by a homogenous ld phase
(coexistence between Mlo and Bld regions). In contrast, the symmetric bilayer exhibits
bilayer-spanning lo-ld regions (coexistence of Blo and Bld)
My second major objective was to explore the influence of CHOL on lateral stress
relaxation phenomena, such as buckling in the membrane. Membrane buckling is

7
achieved by gradually increasing the CHOL concentration in polymer-tethered
membranes containing a low concentration of the lipopolymer 1,2-distearoyl-sn-glycero3-phosphoethanol amine-n-[methoxy(polyethylene glycol)-5000] (DSPE-PEG 5000).
Both objectives of my thesis are linked in that a thorough characterization of both
structural and dynamical properties of polymer-tethered membranes in response to
compositional changes is crucial for their application in biophysical studies on membrane
proteins.
1.2

Organization

There are five chapters in this dissertation. The first chapter delivers the rationale
and the objectives along with the organization of this dissertation. The second chapter
gives the background of my dissertation work. It provides information about existing
studies on lipid rafts and raft-associated protein processes and the significance of
buckling structures in the biological membranes, as well as an introduction into the
design and characterization of relevant model membrane systems. Chapter 3 lists the
materials and methods of the research work. It describes the procedures on how to make
specific model membrane systems and how to analyze them using epifluorescence (EPI)
microscopy, atomic force microscopy (AFM) and fluorescence fluctuation spectroscopy
(FFS). It also provides the key equations necessary to analyze the buckling processes in
polymer-tethered membranes. In addition, this section describes the analytical approach
utilized in protein sequestration studies. Chapter four contains the results and the
discussion. Here all significant results are provided and discussed in the context of the
current knowledge in the field. The fifth chapter presents the conclusion.
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CHAPTER 2. BACKGROUND

2.1

The Role of Lipid Heterogeneities in Membrane Protein Distribution and Function
The major component of all cellular membranes is the lipid bilayer, which acts as a

structural barrier with a semipermeable character. Cell membranes are highly diversified
in terms of their composition and organization. The underlying reason for such a diverse
composition and organization and the associated molecular mechanisms for this diversity,
remain largely unknown. (27, 28). A hallmark of cellular membranes is the
heterogeneous distribution of lipids and membrane proteins into small, dynamic patches.
While it has been challenging to characterize such patches at the cellular level, it has been
shown that membrane lipid heterogeneity influences membrane protein distribution and
function in the cellular membrane (27, 29, 30). Lipid rafts represent one prominent
example of functional lipid/protein heterogeneities in cellular membranes (1, 28, 29, 31).
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2.1.1

The Role of Lipid Rafts in Protein Distribution and Function

Lipid rafts in the plasma membrane are small (20 nm-200 nm) in size and often
represent highly dynamic structures (32, 33). Importantly, these nanodomains are
associated with many biologically significant membrane processes, including
intracellular membrane trafficking of lipids, TM signaling, pathogenesis, cell adhesion,
cell morphology, neural development and angiogenesis (1, 34, 35). Lipid rafts
significantly alter protein-protein interactions by incorporating specific proteins, while
excluding others. Some raftophilic proteins include GPI-anchored proteins, double
acylated proteins (eg., Src-family kinases), α-subunit heterotrimeric G proteins,
palmitoylated proteins (HedgeHog), and some TM proteins (36). Raft affinity may also
be influence by molecular processes, such as receptor clustering, which may include TM
proteins and lipid-anchored proteins (1, 37). It has also been reported that clustering of
rafts by crosslinking agents will expose raft proteins to different membrane
environments (1). Importantly, translocation of proteins into rafts can initiate some
signaling cascades (38). Caveolae are a subset of rafts found in cell surface invaginations.
They are formed by rafts through the polymerization of caveolins (hairpin-like
palmitoylated integral membrane proteins). Caveolae are involved in endocytosis,
mechano-sensing, lipid, CHOL regulation, and signaling pathways (38, 39).
2.1.2

Raft-Mediated Signaling Platforms

One of the important functions of rafts is their involvement in signal transduction
processes. In this case, ligand binding triggers the translocation of specific receptors to
lipid rafts, forming concentrated platforms that recruit other proteins into the newly-
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formed microenvironment (1, 15). The recruited proteins are then phosphorylated,
leading to downstream signaling processes. For example, lipid rafts are believed to play a
role in T-cell antigen receptor (TCR) signaling processes (40, 41). TCR signaling
abolishes when rafts are disrupted. By contrast TCR cross-linking causes clustering of
proteins in rafts. thus triggering immune cell signaling (40). Another example of raftmediated signaling has been reported in Glial cells (42). Glial-cell derived neutrophilic
factor (GDNF) ligands are important in the growth and preservation of the nervous
system. They are also involved in the differentiation of kidney cells and spermatogonia
(1). These ligands bind to a multicomponent receptor, which is composed of GDNF
receptor-α (GFRα) and the RET receptor tyrosine kinase. The receptor-α (GFRα) is
localized in rafts through GPI-anchored proteins. When ligands bind to GFRα coreceptors, they recruit RET to lipid raft regions and initiate the phosphorylation of Src,
which results in downstream signaling (1),(36).
2.1.3

Leaflet Asymmetry in Biological Membranes and Raft-Mediated Trans bilayer
Signaling

The plasma membrane is characterized by an asymmetric composition. The
exoplasmic leaflet is rich in SL and PC, whereas the cytoplasmic leaflet is rich in PC, PE,
PS, and PI lipids. Similar amounts of CHOL are present in both leaflets (13-16).
Importantly, the membrane also contains asymmetrically distributed lipid-anchored
membrane proteins. For example, GPI-anchored proteins are mostly present in the
exoplasmic leaflet of the membrane. On the other hand, prenylated proteins are only
present in the inner leaflet. This protein asymmetry exists as a result of different
biosynthetic pathways in the biological system (13-15). It has been established that
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clustering of GPI-anchored proteins in the exoplasmic leaflet of the plasma membrane is
associated with the co-clustering of Src kinase in the proximal leaflet (17). Both types of
raftophilic proteins do not span the bilayer of such a raft-mediated trans-bilayer
signaling platform. However the role of bilayer asymmetry in the assembly of bilayerspanning raft signaling platforms is not well known. Previously asymmetric GUVs have
been prepared by Richmond et al (2011) and Chiantia et al. (2011) (43, 44). Richmond
and coworkers were able to incorporate SNARE proteins into asymmetric GUVs
through incorporating small unilamellar vesicles (SUVs) into GUVs (43). To add to this
challenging, but potentially important topic, one objectives of this thesis is to investigate
the poorly understood relationship between the inter-monolayer couplings of lipids in
raft-mimicking lipid heterogeneities of asymmetric compositions. The resulting
molecular process of protein recruitment to and from these heterogeneities is also
investigated. Specifically, the first project describes protein recruitment and the
resulting molecular processes in raft-mimicking lipid mixtures of asymmetric
compositions (monolayer-spanning domains), where the phase-separated lo-ld domains
are only present in the top leaflet. Also described is a comparison to corresponding data
obtained on bilayer-spanning lo-ld domains reported previously (3).
2.1.4

Significance of Cholesterol for Lipid Rafts

CHOL, a significant component of the mammalian cell membrane, impacts several
key properties of the bilayer. It causes lipid molecules to become more ordered and
tightly packed. As another consequence of CHOL addition, the membrane permeability
will be reduced and the thickness of the bilayer will increase (45, 46). CHOL is
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functionally important because it is a contributing factor for many membrane- associated
processes, such as ion transport, membrane enzyme activities, and conformational
changes of membrane proteins (18, 47). CHOL has a significant influence on the sorting
and rearrangement of TM proteins. Some like the acetylcholine receptors are selectively
distributed in CHOL-rich domains, whereas others, such as Sarcoplasmic reticulum Ca2+aTPase, are located in CHOL-poor domains. (18). It has been postulated that CHOL may
influence membrane protein sequestration by altering the hydrophobic thickness of the
bilayer (19, 48). For example, it has been shown that CHOL can alter the tilting angle of
the TM peptide by rearranging the acyl chain needed for TM mismatch (19). However,
the topic remains elusive due to the lack of appropriate data on full TM proteins. To
address this important topic the effects of lipid packing density and hydrophobic
thickness on integrin sequestration and oligomerization are investigated in the second
part of this primary objective. This is achieved through the construction of lipid bilayers
with raft-mimicking lipid mixtures of different CHOL content, followed by the study of
the integrin sequestration properties.
2.2

Protein Studies Involving Raft Domains

Membrane protein functionality in rafts remains elusive due to their complexity
small size and transient nature in plasma membranes. The fact that lipid raft association
in cellular membranes is dynamic and short lived represents another major challenging
factor in studying these systems (5, 6). Traditionally, common lipid raft analysis
procedures in the plasma membrane have included detergent resistant membrane flotation
assays, CHOL depletion assays, and the utilization of cross-linking agents (49, 50).
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Detergent extraction assay has been utilized to investigate raft associated activities of
membrane proteins (51, 52). For example, this method allows the identification of raft
proteins involved in signaling cascades (1). The disadvantage of the detergent extraction
method is that it is prone to artifacts. This method also influences the physical and
thermodynamic properties of the membrane (1, 53). Cross linking assays were employed
to detect the formation of microdomains of GPI- anchor proteins (54). Other crosslinking assay include antibody cross-linking, GM1 choleratoxin B (CTxB) cross-linking,
and ligand cross-linking (3). CHOL depletion and sequestration assay have been used to
disrupt rafts, followed by raft isolation through raft markers and centrifugation (55). This
method is also not free of artifacts.
2.3

Raft-Mimicking Model Lipid Mixtures and Protein Sequestration Studies

Model membranes have emerged as an attractive alternative to overcome the
challenges of raft characterization in cellular membranes, which complicates the
investigation of raft-associated molecular processes. Micron sized coexisting lo and ld
domains can be easily prepared in lipid vesicles and supported lipid bilayers by using
ternary mixtures comprised of a high melting temperature lipid with saturated acyl chains,
a low melting temperature lipid with mono-unsaturated acyl chains, and CHOL (56-58) .
A model mixture of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitylsn-glycero-3-phosphocholine (DPPC), and CHOL, has been used to map the phase
boundaries of the two-phase (lo and ld) coexistence region of the ternary mixture. (56,
59). Here lo phase regions are considered as mimetics of lipid rafts. Importantly,
depending on their composition and temperature, raft-mimicking domains can change
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their sizes from nanoscale to micro scale (60-62). Fluorescence microscopy has been
used to observe raft domains using head group labeled fluorescent phospholipids in
planar bilayers (58). On the basis of lipid packing and dynamics, coexisting lo-ld domains
are considered to be promising experimental platforms for investigating raft-mediated
protein sequestration processes using sensitive detection techniques (8).
2.3.1

Mixing Thermodynamics of Raft-Mimicking Lipid Mixtures

Giant unilamellar vesicles (GUV) have been used to study properties of raftmimicking lipid mixtures. Phase diagrams of ternary mixtures of saturated lipids,
unsaturated lipids, and CHOL at different temperatures have been determined (56, 57).
Fluorescence microscopy has been used to detect liquid domains in GUVs and planar
lipid bilayers (56, 63). One phase, the ld phase, primarily is enriched in unsaturated lipids,
while the other phase, the lo phase primarily contains saturated lipids and CHOL. It was
also found that sphingomyelin (SM)-CHOL do not form domains at high temperatures
but exhibited domain formation at low temperatures (lower than the melting temperature
of SM). This finding affirms that the saturated lipid tail of SM facilitates the formation of
raft domains. Domain formation was also observed when SM was substituted with
saturated PC (disteoryl-PC). This indicates that lipids with saturated acyl chains can pack
well with CHOL to form lo domains. It was also found that CHOL depletion induced the
disappearance of raft domains. These domains were able to collide and coalesce and to
form stripes (56, 63). A simplified phase diagram with the two-phase coexistence region
for DOPC /DPPC/CHOL lipid mixtures at 24⁰C is depicted in Figure 2. A phase
separation of lo and ld regions is observed inside the dotted circular region (56). More
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recently, experiments have shown that the phase diagram is more complex and it also
includes solid-liquid coexistence and a solid phase in the DPPC high percentage area.
(56).

Figure 2: The phase diagram of DOPC: DPPC: CHOL lipid mixture at 24 ⁰C. (adapted
from (59))
2.3.2

Integrin Sequestration in Raft-Mimicking Model Membranes

Recently our group investigated the integrin sequestration behavior in raftmimicking lipid mixtures. Integrins are TM proteins that plays a major role in signaling ,
cell adhesion, morphology, motility, and angiogenesis (64, 65). Importantly, integrin
function can also be regulated by several different factors such as ligand and protein
binding, cation activation, and micro-clustering (66-69). Previous studies in our group
have analyzed integrins sequestration in lo-ld phase separated raft-mimicking membranes
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using single molecule sensitive optical methods (3). This study was done on symmetric
bilayers, where the phase separated lo-ld domains were spanning both leaflets of the
bilayer. Furthermore, the effect of ligand addition on the sequestering and
oligomerization of integrins was investigated (3). These studies showed that αvβ3 and α5β1
in polymer-tethered lipid bilayers favorably separate into ld domains, and the addition of
ligands causes significant integrin translocation to lo regions. Importantly, ligand addition
did not affect the oligomerization status of both integrins. This implies that the
translocation of integrins from ld to lo upon addition of ligands is not caused by ligandinduced receptor clustering (3).
2.4

Polymer-Tethered Phospholipid Lipid Bilayer

The phospholipid bilayer, as found in lipid vesicles, can be considered as the
simplest mimetic of a biological membranes. Similar to cellular membranes, this model
system shows bilayer fluidity and allows the incorporation of membrane proteins (70).
Solid-supported lipid bilayers have been pursued because they allow membrane
characterization using a wide range of highly sensitive biophysical detection techniques
(71). However, the close vicinity between bilayer and underlying solid substrate may
impair membrane proteins, such as lipid lateral diffusion (72, 73). Moreover, such
membrane designs are not well suited to study properties of TM proteins. To overcome
these limitations, polymer-supported lipid bilayers have been introduced, in which a
hydrophilic polymer layer lifts up the bilayer from the solid substrate (74). Traditionally,
polymer-supported bilayers have been stabilized at the polymer-bilayer interface via
attractive electrostatic forces or covalent linkages (74). Polymer-tethered tethered lipid
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bilayer systems represent the latter case. Previously, polymer-tethered lipid bilayers have
been frequently utilized, which are comprised of phospholipids and lipopolymers (73).
Here lipopolymers not only lift up the bilayer, but also provide stability between the lipid
bilayer and polymer layer. Therefore, such polymer-tethered lipid bilayers are well suited
for studies of TM proteins (72, 73).Polymer-tethered lipid bilayers also show fascinating
material properties. In particular, varying lipopolymer concentrations in the model
membrane will result changing dynamic and mechanical properties in the membrane.
Polymer-tethered lipid bilayers can be constructed using Langmuir-Blodgett (LB) and
Langmuir-Schaefer (LS) transfer techniques, which allow for control of lipopolymer
concentration in the bilayer (74). These film transfer techniques are also attractive
because polymer-tethered lipid bilayers of elevated lipopolymer concentrations can be
built.
2.4.1

Impact of Lipopolymers on Dynamics

Increasing lipopolymer concentration in polymer-tethered membranes result
fascinating membrane dynamics, organization, and elastic properties. Wide-field single
microscopy experiments have shown that polymer-tethered membranes are a fascinating
model platform for studying obstacle-induced obstructed diffusion (74). Here the degree
of the lateral diffusion of lipids and membrane proteins can be controlled by lipopolymer
concentration. These systems also show remarkable inter-monolayer coupling
phenomena, which include registration of inner and outer monolayer raft mimicking
domains and transbilayer coupling of obstructed diffusion (13, 75, 76). Lipopolymers
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have also been shown to induce stress in a physisorbed phospholipid bilayer. This
influences membrane organization and dynamics (20).
2.4.2

Impact of Lipopolymers on Elastic Properties

Incorporating lipopolymers into model membranes or liposomes will significantly
alter the biophysical properties of the system (26). For example, mean field calculations
have predicted that addition of lipopolymers in the membrane enhances membrane
compressibility and bending stiffness (77) Here polymer type, molecular weight, and
concentration are considered to be crucial parameters (77, 78). Previous work in our
group has shown that high concentrations of lipopolymer induce lateral stress in
physisorbed phospholipid monolayers. This led to buckle-driven delamination of the
monolayer, deposited on a glass substrate via LB transfer technique, without causing
phase separations between phospholipid and lipopolymers (20, 26). Intriguingly, buckling
regions were found to act as diffusion barriers in polymer-tethered lipid bilayers
containing poly (2-ethyl-2-oxazoline lipopolymers), thus causing compartmentalization
with remarkable parallels to the compartment formation and associated hop diffusion
processes of lipids and membrane proteins in plasma membranes(20). Similar results
were found in polymer-tethered membranes with increasing concentrations the poly
(ethylene oxide) lipopolymer DSPE-PEG 5000. Again elevated lipopolymer
concentrations resulted in membrane buckling (26).
2.4.3

Lipopolymer-Induced Buckling Structures in Polymer-Tethered Lipid Monolayers
Alternative mimetic models are attractive to study buckling phenomena in

biological systems. Therefore, efforts have been made to investigate buckling processes
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using various types of model membrane systems. For example, actin-induced membrane
buckling has been investigated by Hackl et al (1998) (25). In this study, actin was used to
induce buckles in lipid vesicles by reconstituting thin actin shells in giant vesicles and
inducing buckles by actin polymerization. Actin polymerization was carried out by in
fluxing Mg2+ into vesicles. Membrane buckling was also investigated on lipid
monolayers with lung surfactants (18). Despite these activities, the underlying
mechanisms of membrane buckling remained a topic of open debate. Therefore, Siegel et
al (2010 and 2012) explored membrane buckling using polymer-tethered membranes
comprised of phospholipids and lipopolymers (20, 26). The rationale for this
experimental design was that lipopolymers cause membrane buckling by inducing lateral
stress in the membrane. In this case, the lateral stress is caused by the conical shape of
lipopolymers. In these buckling experiments in polymer-tethered membranes, buckle
formation was induced by enhancing lipopolymer molar concentration in the membrane
(20, 26). Specifically, widespread membrane buckling was observed in polymer-tethered
monolayer systems at high (15-30 mol%) concentrations of poly (2-ethyl-2-oxazoline)
lipopolymers (20). In contrast, at low (0-10 mol%) concentrations of lipopolymer, a
buckle-free membrane formed. Interestingly, in the case polymer-tethered lipid bilayers
with these lipopolymers, membrane buckling in the bottom monolayer prevented
formation of the top monolayer at buckling regions, thus resulting in μm-sized bilayer
compartments. Notably, membrane buckling was found to be not associated with
phospholipid-lipopolymer phase separations (20).
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2.4.4

Mean-Field Theory Calculations of Polymer-Tethered Membrane

Depending on the density of grafted polymers on a substrate, two regimes of
polymers conformations are distinguished, “mushroom” and “brush” regimes.. At low
grafting concentrations, polymers are in the “mushroom” conformation and at high
concentrations, they are in the “brush” conformation (77, 79). Grafted polymers in the
mushroom regime interact with each other and the segment density distribution is
described by a Gaussian coil. The dimension of the Gsussian coil is defined by the Flory
radius (Rf), a parameter that depends on polymer molecular weight and the specific
length of monomer units. (77). At elevated grafting concentrations, where polymer
moieties of lipopolymers tend to overlap, polymer conformations are described by a
“polymer brush”. In this case, the increased repulsive polymer-polymer interactions cause
the stretching of the polymer chains. The dimensions of the polymer brush are defined by
scaling laws of polymer physics (80). In an aqueous environment, 3 mol% DSPE-PEG
5000 or higher, fall under the brush regime. In this situation, all the polymer head groups
interact with each other and become stretched out (79). Mean field theory calculations
can be used to find the approximate length of the polymer brush (Lp), as follows,
(

)

Eq. 1

where np is the number of monomers, am is the length of each monomer, Xp is the mole
fraction of lipopolymers, and Al is the area per lipid (77). An equation has been obtained
for the area elastic modulus, which is induced by grafting polymers (77). This has been
depicted in Eq. 2. The change in area elastic modulus for varying lipopolymer type and
concentrations (Xp) can be calculated from Eq.2.
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KA= elastic area expansion modulus of a single lipid layer, K0A= elastic area-expansion
modulus of a single, bare lipid layer, without polymer, mF = exponent in dependence of
polymer free energy on grafting density (mF = 5/6 for scaling theory and mF = 2/3 for
mean field theory). T = absolute temperature, ap = size of the monomer unit (0.39 nm for
DSPE- PEG 5000 (77)), np = number of monomer unit per polymer, A1,0 = equilibrium
area per lipid molecule in the absence of polymer, A1 = equilibrium area per molecule in
the presence of polymer (81), Xp = mole fraction of polymer lipid.
2.5

Thin Film Buckling and Buckling Theory of Straight-Sided Blister

When a thin film is adsorbed to a rigid substrate and sufficient strain is applied, it
partially delaminates from the substrate to relieve the compressive stress in the film,
causing buckle delamination (25). When lateral stress is applied, the thin film wrinkles or
buckles. The buckling behavior not only depends on the magnitude of the compressive
forces, but also on the relative rigidity of the proximate substrate. In compliant substrates,
the film responds to lateral stress through the wrinkling process. Here, corresponding
deformation of the substrate occurs with film relaxation process. When the substrate is
stiff, buckle delamination occurs (82).
There are three types of commonly formed buckle delamination patterns. Euler
mode, varicose mode, and telephone code mode (83). The buckling process used in this
experiment is well suited for the Euler column of buckling mode. In the Euler mode, the
plain modulus of the substrate should be much higher than the plain strain modulus of the
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film, and the half width of the buckle should be much higher than the thickness of the
film (84). Previously it has been shown that these Euler mode requirements are fulfilled
to describe the buckling process in polymer-tethered membranes comprised of DSPEPEG 5000 and phospholipids. (26).
The critical compressive biaxial stress, σc at the onset of buckling for an Euler
mode is given by the Eq.3, where “b” is the half width of the buckle, “h” is the thickness
of the film, “Ef” is the plain strain modulus of the film, and “vf” is the poisons ratio of the
film (83).
(

)

( )

Eq.3

The dimensionless buckling amplitude () for a given buckle depends on the ratio
between the biaxial compressive stress in the unbuckled state ( ), and the biaxial
compressive stress at the onset of buckling ( ). This is represented by the Eq.4 where
“ wmax” is the maximum normal displacement for the buckle (83).


2.5.1

(

)

√ (

)

Eq.4

Significance of Buckles and Membrane Curvature in Biological Systems

Curved membranes can be caused by two distinct properties of the film. These are
lateral stress in the membranes and the compositional change in the film. Buckling
phenomena are well documented in biological systems. The human lung is a good
example. The lung is covered by a monolayer composed of phospholipids and lung
proteins, which helps reduce surface tension in the lungs. This monolayer undergoes
reversible wrinkling and folding during normal breathing (20). Cytoskeleton-induced
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membrane structure represents another example. Such a buckling process leads to
extensions and highly curved structures in the membranes, such as lamellipodia, filopodia,
pseudopodia, phagocytic cups, and axonal growth cones (21-23).
Curved membranes, which are similar to buckles, are also seen in Golgi
fenestrations, endoplasm reticulum tubules, and viral budding. They are positively or
negatively curved and limited to certain areas. These curvatures are a result of lipid
composition, membrane proteins, and helix insertion (22).
2.6
2.6.1

Methodology

Langmuir-Blodgett/Langmuir-Schaefer Deposition

Langmuir-Blodgett (LB)/Langmuir-Schaefer (LS) transfers represent a wellknown method for fabricating model lipid bilayers. This method has many advantages
over planar lipid bilayer formation via vesicle fusion, in which small unilamellar
vesicles (SUVs) are formed in an aqueous solution and then spontaneously settle and
burst to form a lipid bilayer on a substrate (85). The LB/LS technique employs a twostep method of assembly to form a planar solid-supported lipid bilayer (74, 86-88).
Figure 3 provides a schematic diagram of the LB/LS bilayer formation. The first
monolayer (LB layer) spreads at the air-water interface of the film balance system. Next,
the monolayer is compressed to a fluid film pressure of 30 mN/m. The system is allowed
to equilibrate for about half an hour. Then, the dipper is slowly moved upwards at a
speed of 5 mm/s while the Teflon barrier moves inwards, thereby maintaining the area
per lipid (Figure 3 A). During the process, a lipid monolayer will be transferred (LB
transfer) from the air-water interface to the glass substrate (Figure 3 A).
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The LS transfer technique is used to complete the bilayer (Figure 3 B). Here, a
thick glass slide is placed at the bottom of the trough, which is then filled with Millipore
water. Next the desired lipids are at the air-water interface of the trough. Then, the
barrier is compressed in order to attain a certain surface pressure (30 mN/m). Finally, the
glass slide with the LB monolayer is pressed through the LS layer and the LB/LS layer
system lay under water. This bilayer assembly can be used for imaging purpose.
There are a number of advantages of the LB/LS method over planar bilayer
formation from vesicle fusion. First, the dipping procedure enables a very homogeneous
bilayer with few defects. Second, due to the layer-by-layer assembly, the fabrication of
bilayers of asymmetric composition can be achieved. Third, it is possible to construct
polymer-tethered lipid bilayers of elevated lipopolymer concentration, which cannot be
obtained using vesicle fusion. It has been shown previously that stable lamellar bilayer
structures can only be formed from vesicles containing a low lipopolymer concentration
(less than 10 mol %) (78). Finally, the LB/LS method requires only small quantities of
lipids (75 μg of lipids per spread).
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Figure 3: Fabrication of phospholipid bilayer using a Langmuir trough showing the LB
(A) and LS (B) transfer technique
2.6.2

Combined Epi-fluorescence Microscopy (EPI) and Confocal Fluorescence
Detection System

Characterization of lipid/protein distribution and the oligomerization status of
membrane proteins in the polymer-tethered lipid bilayer are performed using a combined
EPI and confocal detection system. A schematic diagram of the combined EPI/confocal
fluorescence system is depicted in Figure 4. In EPI mode, a sample containing
fluorophores is excited by a mercury lamp, which causes the sample to fluoresce. The
light from the lamp is first passed through a filter that absorbs all but a specific range of
wavelengths that are optimized for the fluorophore under investigation. The beam then
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passes through the objective and excites the sample. The emitted fluorescence at a longer
wavelength passes through a dichroic mirror and is guided to an eyepiece and/or to
charge-coupled device (CCD) camera for recording purposes. A workstation enables the
control of the camera and acquisition of fluorescence micrograph.

Figure 4: Schematic representation of the combined EPI microscope/confocal
fluorescence detection system

Figure 4 also shows a set up for the FFS, which is utilized to analyze probe molecules
using FCS and brightness analysis method. Brightness analysis is accomplished using
photon counting histogram (PCH) method.
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In the FFS setup a laser line is passed through a beam splitter and then focused to
a confocal volume, where the sample is placed. The focusing is done by using a higher
numerical aperture objective. The sample consists of freely moving florescence particles.
The emitted fluorescence from the sample is directed back to a beam splitter. Stray
fluorescence is avoided by using a pinhole in the confocal volume. This method can be
used to detect probe fluorescence with submicron second time resolution. The FCS
method allows detection of the intensity fluctuations of fluorescent particles, which
enables attainment of the complete kinetic description of the system. Lateral distribution
of lipids and proteins in planar model membranes are obtained using an X-Y scanning
stage. The avalanche photodiode (APD) detector of the confocal system allows detection
of membrane proteins (~10-3 mol%) with a single molecule sensitivity. The lo-ld phase
separation can also be visualized simultaneously using EPI. About 0.5 mol% of dyelabeled lipids typically utilized to image lipid domains using EPI. Unfortunately, this
elevated concentration of dye-labeled lipids may cause a cause a higher background
signal in the protein detection channel through the APD detector. Therefore, in most
experiments, concentrations of dye-labeled proteins and lipids were comparable (~10 -3
mol%) and detection of protein and lipid distribution was achieved using different
channels of the APD detector without a need for EPI. Colocalization studies of
membrane proteins in coexisting lo-ld domains are feasible because the size of raftdomains (around 10 μm) is notably larger than the length scale probed by the confocal
spot (the size of the confocal spot is 0.25 fl)
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2.6.3

Fluorescence Correlation Spectroscopy (FCS)

Figure 4 illustrates the set up for FFS, which collects data for both FCS and PCH
analysis. The laser beam is focused to the focal volume where the sample is placed. This
is done by using a higher numerical aperture objective. The sample is excited by the laser
and fluorescence is emitted by fluorescence molecules. This emitted fluorescence is
directed back through the beam splitter and focused to the confocal volume. A pinhole is
introduced in the confocal plane and adjusted to avoid stray fluorescence. The APD
detector will acquire emitted fluorescence and the signal is obtained at submicron level
intervals. FCS provides complete description of the kinetics of the fluorescence
molecules with time (89). This is achieved through analyzing the rate of change in
fluorescence with time. In FCS, this fluorescence over time is analyzed using FCS
autocorrelation analysis. A schematic diagram of raw data and fluorescence fluctuation
analysis of Alexa 555 labeled αvβ3 monoclonal antibodies in solution is depicted in
Figure 5. It includes the detected fluorescence fluctuation trace over time (A), the
corresponding FCS auto correlation curve (B), and the photon counting histogram (PCH)
of the different detected fluorescence intensities(C). Here the data analysis is based on 5
different 10 s data acquisition sets. The autocorrelation curve provides information on the
change in fluorescence with time in the confocal volume.
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Figure 5: (A) Fluctuation intensity collected for Alexa 555 labeled αvβ3 monoclonal
antibody in solution for 10s intervals through two channels ; (B) FCS auto correlation
curves (C) Histogram of the photon counts for the same fluctuation analysis.
The intensity fluctuation of a typical fluorescence sample is given in Figure 5 A.
The mean value of the photon flux is given by “〈 〉”. The deviation of the fluorescence
intensity from the average intensity is expressed by:
( )

( )

〈 〉

Eq.5

The autocorrelation function G (τ), compares the value of the signal at any random time
“t” with the intensity value after a specific time interval (τ).
The normalized autocorrelation function (G(τ)) is given by the following Eq.6 (90, 91):
( )

〈

( )

(
〈 〉

)〉

Eq. 6
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Representative FCS autocorrelation curves of Alexa-555 labeled αvβ3 monoclonal
antibodies in solution are shown in Figure 5 B. The amount of time the molecule stays in
the confocal volume depends on the diffusion coefficient of the molecule. For a planar
sample, the normalized autocorrelation function is given in Eq. 7 (92).
( )

(

)

Eq. 7

Where τD = the characteristic time a molecule spends in the detection area (detection
time) and N = the average number of fluorescence molecules within the detection volume.
. The absolute lateral mobility is given by the lateral diffusion coefficient (D). The
following Eq. 8 can be used to find D by using the τD and the characteristic ω (confocal
volume element) value. The ω can be obtained by performing an FCS measurement with
molecules of known diffusion coefficient. The FCS method is quite powerful because it
provides information about rate constants, probe concentrations, and diffusion
coefficients of species (92)
Eq. 8

2.6.4

Photon Counting Histogram (PCH) Analysis

The PCH method investigates the amplitude of fluorescence fluctuations obtained
from the diffusing fluorophores in the confocal volume. PCH can be used to distinguish
different molecules with the same diffusion coefficients by finding differences in their
brightness. This method is particularly useful because it can differentiate the aggregation
status of molecules based on their brightness. PCH analysis is used to determine the
average photon concentration ˂k> of defined species with respect to the monomer or
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oligomer. We also can calculate the molecular brightness of a certain species (ɛ-average
number of photons per sampling time per molecule). The PCH analysis method is built
on the following framework. A constant source of light is described by Poisson statistics
(89):
( )

Eq. 9

p(N) = probability of events
N

= number of events

The average photon count ˂k> of the PCH is given by the following Eq.10 (89):
〈 〉

∫ ̅̅̅̅̅ ( ⃗)⃗⃗⃗⃗⃗

〈 〉

= average photon counts

ε

= the molecular brightness

VPSF

= the illumination volume

V0

= total sample volume

PSF

= point spread function

Eq.10

The molecular brightness is defined as:
Eq. 11
T = the integration time increment
ηw = the detection efficiency
I0 = maximum excitation when the fluorophore at center of VPSF
( )
N =2, for 2-photon, and 1, for single photon excitation
β = excitation probability; quantum yield, and instrument bias

Eq. 12
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The histogram for finding a particle of average brightness ε in Vo is described by the
Poisson distribution of ε times the PSF integrated over the volume (given by Eq. 13):
( )

(

)

( ⃗))⃗⃗⃗⃗⃗

(

∫

Eq.13

For “N” number of particles is given as:
( )

(

)

(

( )

( )

( )

( )

)(

)

Eq. 14

p (N)…..Probability distribution of N particles in the confocal volume
p (1)….. Probability distribution of one particle in the confocal volume
In PCH, we collect photon counts over time inside a volume (Vo) to generate a histogram
of photon counts. The shape of this histogram, P (k; Navg, ε), provides information about
the average number, Navg and brightness, ε, of molecules diffusing within the confocal
volume:


P(k; Navg , )   p(N )(k;Vo, ) Poisson(N , Navg ,Vo )
V
0

Eq. 15

PCH for 2 species with different brightness is given by the convolution of the two species:
(

)
2.6.5

(

)

(

)

Eq.16

Atomic Force Microscopy (AFM)

AFM is a high resolution microscopy that achieves sub nanometer resolution (93).
This powerful scanning probe microscopy method provides accurate information on
small height changes. This is accompanied by using a 40 nm probe attached to the
cantilever. A schematic representation of an AFM set up is illustrated in Figure 6. AFM
can be operated in contact and tapping mode. AFM tapping mode is more suitable for
lipid monolayers and bilayers. In tapping mode, the AFM tip during scanning oscillates at
a certain frequency. To detect tip deflections caused by the sample, a laser beam is
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focused on the backside of the oscillating cantilever with the attracted AFM tip and the
reflected laser beam is guided to a position-sensitive photodiode detectors. Consequently,
changes in sample height and stiffness are detected AFM photodiodes detectors (94). .
Analysis of the sample is achieved by scanning of the sample using a scanning stage`
(79).

Figure 6: Schematic diagram of the AFM microscope showing the beam deflection
method
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CHAPTER 3. MATERIALS AND EXPERIMENTAL SECTION

3.1

Materials

The phospholipids 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC),
DOPC, DPPC, and CHOL were purchased from Avanti Polar Lipids (Alabaster, AL).
The procedure for synthesizing the lipopolymer 1,2-dioctadecyl-sn-glycero-3-N-poly(2methyl-2-oxazoline)50 (diC18M50) has been described previously (95). The dye-labeled
lipids N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)- 1,2- dihexadec-anoyl-sn-glycero-3phosphoethanolamine, triethylammonium salt (NBD-DHPE), N- (6tetramethylrhodamine-thiocarbamoyl)-1, 2-dihexadecanayl-sn-glycero-3phosphoethanolamine, triethylammonium salt (TRITC-DHPE),1,1'-Dioctadecyl-3,3,3',3'Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt (DiD), 1,11Dioctacadecayl-3,3,31,31-Tetramethylindocarbocyanine Perchlorate (DiI), as well as the
kits for fluorescently labeling antibodies with Alexa Fluor-555 were obtained from
Invitrogen (Carlsbad, CA). The dye-labeled lipopolymer 1,2-dipalmitoyl-sn-glycero-3phosphatidylethanolamine-N-[amino(polyethylene glycol)2000]-TAMRA (DPPEPEG2000-TAMRA) was synthesized from the sodium salt of the amino-functionalized
lipopolymer (Avanti Polar Lipids, Alabaster, AL) and TAMRA (Invitrogen, Eugene, OR),
as described before (76). Chloroform (HPLC grade, Fisher Scientific, Pittsburgh, PA)
was used as the spreading solvent for the formation of lipid monolayers at the air-water
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interface. Milli-Q water (pH =5.5, 18 MΩ-cm resistivity; Milli-Q, Millipore, Billerica,
MA) was employed as the subphase material in the film balance trough. Glass coverslips
were prepared by first baking them for 3 h at 515ºC in a kiln followed by subsequent
sonication steps in a bath sonicator using solutions of 1% SDS for 45 min, MeOH
saturated with NaOH, and 0.1% HCl (Fisher Scientific) . The slides were rinsed with
Milli-pore water in between sonication steps for 10 min. Human integrin αvβ3 and α5β1,
octyl-β-D-glucopyranoside formulation, the monoclonal antibodies (MAbs) anti-integrin
αvβ3, and anti-integrin α5β1, human purified vitronectin (VN), and human purified
fibronectin (FN) were purchased from Millipore (Billerica, MA). Rhodamin6G (R6G)
was obtained from Sigma-Aldrich (St. Louis, MO). The surfactant n-Octyl-β-Dglucopyranoside (OG) Fisher Bio Reagents (Fairlawn, NJ) was used for incorporation of
proteins into bilayers. SM-2 biobeads (Bio-Rad, Hercules, CA) were used to remove
excess surfactant.
3.2
3.2.1

Experimental Procedures

Construction of Polymer-Tethered Bilayers using LB/LS Transfer Techniques
Polymer-tethered phospholipid bilayers with bilayer-spanning domains were

prepared using subsequent LB/LS monolayer transfers. This technique has been
described in detail elsewhere (75). The procedure for the preparation of symmetric and
asymmetric bilayers only differs in terms of LB and LS monolayer compositions. Here
we explain the method briefly. A freshly prepared glass coverslip on a dipper is
immersed into the water subphase of the film balance trough (Labcon, Darlington, UK).
Next, a chloroform solution of the LB monolayer is spread at the air-water interface. The

36
monolayer formed at the air-water interface is compressed to a film pressure of 30 mN/m
and kept for 40 min. for equilibration. Then, the monolayer is transferred from the airwater interface to the glass slide on the dipper by synchronically moving the film balance
barrier inward and the dipper upward. The trough is cleaned before making the next
monolayer transfer (LS transfer). To build an LS monolayer, the lipid composition of the
LS layer is spread at the air-water interface. Next, the coverslip containing the LB
monolayer is carefully pressed through the LS monolayer at the air-water interface and
placed at a depression slide at the bottom of the trough (Figure 3). Following the LB/LS
transfers, the bilayer was observed under the EPI microscope to confirm the presence and
quality of the bilayer. When integrity and cared composition (symmetric vs. asymmetry)
were confirmed, the bilayer was transferred to a petri-dish filled with phosphate buffered
saline (PBS) for further imaging experiments. Alternatively, in the case of low
concentrations of dye-labeled lipids, bilayer integrity was analyzed using confocal APD
detection without utilizing EPI.
3.2.1.1 Building Symmetric Bilayers
The same lipid composition in the top and the bottom leaflet is used to build
symmetric bilayers, except the bottom leaflet also contains 5 mol% lipopolymer
(typically: diC18M50). Lipopolymers are added to uplift the bilayer from underlying glass
substrate, thus enhancing lateral fluidity of incorporated proteins and promoting inter
leaflet domain registration (75). The presence of domains in the top and bottom leaflet of
the bilayer was confirmed by EPI microscopy through NBD-DHPE dye labeled lipids.
Table 1 summarizes different LB and LS lipid compositions used throughout this Ph.D.
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thesis work. Type I lipid composition in Table 1 was used to make the LB/LS monolayers
of the symmetric bilayer. 0.2 mol% NBD-DHPE dye labeled lipid is added to in both
leaflets of the bilayer, and 5 mol% diC18M50 is added to the bottom leaflet.
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Table 1: Different types of lipid composition to build LB and/ or LS monolayers
Type
Lipid Composition
I
DOPC: DPPC: CHOL (1:1:1)
II
DOPC: DPPC: CHOL (2.1:1.2:1)
III
DOPC: DPPC: CHOL (1.5: 0.5: 1.0)
IV
DOPC:DPPC: CHOL (2.9: 0.32: 1)
V
DOPC: CHOL (2:1)
VI
DOPC: CHOL (4:1)
3.2.1.2 Building Asymmetric Bilayers
In asymmetric bilayers, the composition of the top and the bottom leaflet are
different. The top LS monolayer is formed with a Type I lipid composition and the
bottom LB layer lipid composition was formed with a Type V lipid composition (Table
1). Here, apart from the major lipid composition, 0.4 mol% NBD-DHPE dye label lipids
were added to the LS layer and the LB monolayer contained 5 mol% diC18M50
lipopolymer and 0.1 mol% DiD. Note that the same mol% of CHOL is utilized in each
leaflet. In this asymmetric bilayer, we should observe lo/ld phase separation in the top
leaflet and a homogenous ld phase in the bottom leaflet This can be confirmed by
fluorescence detection methods (EPI or APD confocal analysis). The phase separation in
the top leaflet is visualized by the phase separation of NBD-DHPE dye labeled lipids.
The homogenous non-phase separated bottom layer was confirmed by DiD labeled lipids
in the bottom layer. As confirmed in control experiments, DiD phase separates in the
presence of coexisting lo-ld domains. Alternatively, asymmetric bilayers were built using
LS and LB compositions of Type II and V, respectively. The LS compositions contained
0.4 mol% NBD-DHPE to confirm the lo-ld phase separations in the top leaflet and the LB
composition included 0.1 mol% DiD to assure bilayer asymmetry.
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3.2.1.3 Elucidating the Stability of Asymmetric Bilayers
To test the stability of asymmetric lipid compositions over time, we conducted a
set of control experiments, in which the effects of lipid flip flop surfactant addition on the
bilayer asymmetry were tested. In order to test the effect of lipid flip flop on the stability
of bilayer asymmetry, a bilayer is prepared with Type III lipid composition in both
LS/LB monolayers. Apart from the lipid composition 0.4 mol% NBD-DHPE is added to
the top LS leaflet and 0.1 mol% DiD is added to the LB bottom leaflet. This symmetric
bilayer composition is the equilibrium composition, which will be attained by the flipping
of lipid molecules in an originally asymmetric bilayer with LS and LB lipid composition
of Types I and V, respectively. We compare the phase separation of this bilayer with the
phase separation of the asymmetric lipid bilayer in order to elucidate the flipping of the
lipid molecules from one leaflet to the other. This will be explicitly described in section
3.2.1.2.
Next the stability of membrane asymmetry with respect to surfactant was
investigated. It was done by investigating the membrane asymmetry stability in the
presence of the required amount of surfactant necessary for integrin incorporation.
3.2.1.4 Characterization of lo-ld Phase Separation in Symmetric/Asymmetric Bilayers
We characterize the lo /ld phase separated regions in symmetric and asymmetric
bilayers through confocal XY scan and FCS in order to determine the brightness,
concentration and lateral mobility of dye-labeled lipids. To conduct such experiments,
0.002 mol% TRITC-DHPE dye lipids were added to each leaflet of the symmetric and
asymmetric bilayer systems. Then FCS analysis is conducted on these bilayers and the
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brightness is analyzed using the PCH method (explained in part 3.2.3.1). The excitation
of TRITC-DHPE is done using a 543 nm “HeNe laser”. The diffusion time was obtained
from the FCS raw data and this value was used to calculate the diffusion coefficient of
the molecule in the different phase regions. Fluorescent intensity analysis was done by
using the CS-XY method by using lipid bilayers having 0.02 mol% TRITC-DHPE dye
labeled lipids in each leaflet. The concentration of the dye in each phase or the raftophilic
excess (Eraft) value was calculated as described in the method section 3.2.3.2. Control
experiments are done in order to compare the values with binary mixtures of DOPC:
CHOL (4:1) and DOPC: CHOL (2:1) containing lipid bilayers.
3.2.1.5 Building Raft-Mimicking Lipid Domains Containing Symmetric Bilayers with
Different Cholesterol Concentrations
Symmetric bilayers with raft-mimicking lo-ld phase separated lipid mixtures of
different CHOL (15 mol%, 20 mol%, 28 mol%, 35 mo%, and 37 mol%) compositions
were prepared as well. In this case DOPC and DPPC are maintained at a 1:1 ratio in all
bilayers and the CHOL content is systematically varied. Polymer-tethered phospholipid
bilayers of symmetric lipid composition were prepared using the LB/LS transfer
technique, thereby adapting procedures reported recently for corresponding membrane
systems with Blo domains (9; 12). This is also described in this thesis in section 3.2.1.
3.2.1.6 Preparation of Polymer-tethered Monolayers and Bilayers with Different
Concentrations of Cholesterol
The standard protocol for preparation of polymer-tethered phospholipid
monolayers using LB transfer and bilayers using LB/LS transfers is explained in the
thesis section 3.2.1 (3, 75). In the case of polymer-tethered membranes comprised of
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phospholipids, CHOL, and DSPE-PEG 5000, the LB monolayer was first prepared by
spreading a mixture of lipids with 3 mol % DSPE -PEG 5000, 5-40 mol % CHOL, 0.5
mol% TRITC-DHPE, and the rest with SOPC phospholipids. This monolayer was
characterized within 24 hours using EPI and AFM. Next, the bilayer was formed using
this same LS monolayer composition as employed in the LB layer, however, without
DSPE-PEG 5000.
3.2.2

Protein Incorporation into Lipid Bilayers and Detection with Fluorescence
Microscope

Protein incorporation into the polymer-tethered lipid bilayer has been described
previously (1). Briefly, micelle-stabilized membrane proteins (1.3 x 10 -11 mol) were
added to the bilayer sample with 2 ml of 0.08 mg/ml of surfactant (OG). This amount
leads to a protein concentration in the bilayer of 10-3 mol%. Protein incubation was done
for 1.5-2 hrs. Next, a single layer of SM-2 bio-beads (Bio-Rad, Hercules, CA) is added
on top of the bilayer for 15 min. to remove the surfactants from the bilayer. The biobeads were removed by washing with PBS. Finally, fluorescently labeled antibodies were
added for 3-4 hrs at room temperature followed by washing with PBS to remove unbound
antibodies. Fluorescence detection methods (EPI and confocal XY scan) are used to
confirm the incorporation of proteins into the bilayers by detecting Alexa Fluor-555
labeled antibodies. Fluorescence microscopy images, confocal fluorescence intensity, and
FCS were obtained for this system. Next, appropriate ligands (VN for αvβ3 and FN for
α5β1) for integrins were added and incubated for 2-4 hrs at room temperature (molar ratio
of integrin: ligand is 1:1). Then the bilayer was rinsed with PBS to remove excess
(unbound) ligands and the sample was analyzed using the same fluorescence detection
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methods again. A control experiment was done, in which MAbs are added in the absence
of membrane proteins, thus obtaining insight into the non-specific binding of MAbs on
the bilayer surface.
3.2.3

Combined EPI Microscopy, Confocal Fluorescence Correlation Spectroscopy
(FCS), and Confocal Fluorescence Intensity Analysis
EPI microscopy and FFS is performed using confocal Confocor 2 system (Zeiss,

Jena, Germany) equipped with an inverted optical microscope (Axiovert 200M, Zeiss,
Oberkochen, Germany) with a specific microscope objective (Zeiss C-Apochromat, water
immersion, 40 x NA = 1.2) . A Zeiss AxioCam MRm monochrome digital camera and
Axiovision 4.8 software is utilized to conduct the EPI studies, which provide information
about the presence of lo and ld domains in lipid bilayer.
The Confocor 2 system is equipped with several lasers, which include 1.0 mW
HeNe1 laser (543 nm) with a 560-615 nm emission filter, 5.0 mW HeNe2 (633 nm) laser
with a 650 nm long pass filter, and 30 mW Argon laser (488 nm) 505-530 nm emission
filter. Confocal fluorescence intensity analysis was performed confocal spectroscopy XY
(CS-XY) scans. These scans were performed in 10 x 10 μm size areas with the step size
of 0.5 μm. Three laser lines were used sequentially to perform three separate scans of the
bilayer. The HeNe1 laser (543 nm) is used to detect the integrin distribution. The HeNe2
(633 nm) laser is utilized to detect DiD in the bottom leaflet, and the Argon (488nm)
laser is employed to detect NBD-DHPE distribution in the top leaflet of the bilayer.
Control experiments in the presence of DiD and NBD-DHPE, with no proteins, were
conducted to enable accurate background correction for this analysis. The maximum
count rate position was selected as the marker for the correct Z-position of the confocal
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plane. Fluorescence fluctuation spectroscopy collects data for FCS and brightness
analysis method (PCH). Instrumentation set up for this system has been explained in
sections 2.6.2 and 2.6.3. FCS data analyzed in terms of autocorrelation analysis (89). The
auto correlation curve provides information about the diffusivity of probe molecules in
solution and in the bilayer. Specifically, FCS autocorrelation curve provides information
on the characteristic diffusion time (τ2) of the molecules in the detection volume. The
obtained diffusion time values are used to calculate the diffusion coefficient of the
molecule. This has been explicitly described in section 2.6.3. The data
acquisition/analysis of PCH data is described in the next section.
3.2.3.1 Determination of Integrin Brightness and Oligomerization Status from PCH
The brightness and number of particles within the confocal volume are each
described by a point spread function. The probability that a particle will have be
particular brightness within the volume V0 can be described by a histogram of the photon
counts for a single particle given in Eq. 13, which has been described in section 2.6.4.
We assume that particles are independent and the probability distribution of “N” particles
in the volume is given by the Eq.14 in section 2.6.4 (the probability of seeing 1 particle
“N” times). The average concentration of the number of particles in the V0 is given in the
Eq.15 (section 2.6.4). The photon counting histogram for two species is obtained by the
convoluting the probabilities of each species. This can be obtained by the Eq.16 in
section 2.6.4.
In some systems, the background signal can be treated as a species with low
brightness and high number and de-convolution can separate the particle signal from
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background. In addition, for a population of monomers and dimers, it is possible to
constrain the brightness of the second species ɛ2, to be double the brightness of the first
species, ɛ1.Both of these effects can be described by a convolution of three species. The
Confocor 2 acquisition software samples total photon counts within the confocal volume,
and bins the data by aggregating photon counts “every milliseconds”. These data can be
aggregated into a histogram. The experimentally determined PCH data are added in to
the PCH algorithm by first assuming that all particles are of a single brightness ɛ. Using
this assumption as a starting point, the data are re-fitted considering the possibility of
particles of brightness 2ɛ (dimers) as well. Due to the close proximity of the glass slides
and other background, it is also necessary to include a term for a background species. As
a result we will be able to obtain Nmonomer(average number of monomer), ɛmonomer
(brightness of monomer), Ndimer (average number of dimers), and the fraction of
dimerization particles (Xdimer = Ndimer/(Nmonomer+Ndimer).This method has been explicitly
described previously (3).
3.2.3.2 Protein Sequestration Analysis (Eraft) and Protein Migration Analysis (Xmigrate)
The domain-specific distribution of integrins in the presence of lo and ld domains
was determined as described before (7). In short, raw data of the integrin distribution was
obtained from confocal XY scans of the green and red channels. Each raw data set was
corrected for NBD-DHPE, DiD channel bleed through, as well as background. To correct
for background, control experiments were conducted without integrins, but with dyelabeled anti-integrin MAbs. Integrin sequestration in coexisting lo-ld domains can be
quantified in terms of a partition coefficient (Kp (lo/ld)),(3) defined as the corrected ratios
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of the intensities of the signal in the ordered and disordered phases, Ilo/Ild. The
background was subtracted from the intensities obtained from the control experiments
with dye-labeled anti-integrin MAbs. A normalized measure of integrin sequestration is
provided by the parameter Eraft, which is defined as:
(

)

Eq. 17

Then changes in membrane protein sequestration (e.g., due to addition of ligands) can be
quantified using the parameter Xmigrate (3)

(

3.2.4

(

)

(

)

)

Eq. 18

Image Acquisition and Analysis

3.2.4.1 Acquisition and Analysis of EPI-Micrograph Images of LB Monolayers with
Different Concentration of Cholesterol with 3 mol% DSPE PEG-5000
Epifluorescence microscopy images were taken on an inverted optical microscope
(Axiovert 200M, Zeiss, Oberkochen, Germany). The beam was focused onto the sample
by a microscope objective (Zeiss C-Apochromat, water immersion, 40 x NA = 1.2) with
optional optovar magnification (1.6x). Phospholipid-lipopolymer mixed monolayers
containing dye-labeled lipids were prepared and the buckling structures were analyzed
using EPI. The bearing area (i.e., the percentage of buckled regions) for each monolayer
was obtained by analyzing the EPI micrographs using Image J software. Specifically, EPI
images were opened in Image J and the bearing area was determined by using the area
percentage analysis function of the Image J software. In short, for each opened image, the
foreground and background colors are set to white and black respectively, by using the
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“edit” options and color tool bars. Next, we utilized the “set measurements” option from
the analyze tool bar, selected the area of interest, adjusted the threshold, and determined
the bearing area on the basis of the brightness of the image.
3.2.4.2 Atomic Fluorescence Microscopy and Image Analysis from Nanoscope 6.1
Software
AFM experiments were conducted using a Digital Instruments Bio-Scope (Digital
Instruments / Vecco Metrology group, Plainview, NY). AFM micrographs were
analyzed using Nanoscope IV (V6.12) (Digital Instruments / Vecco Metrology group,
Plainview, NY) and Origin 8 (Origin lab Corporation, Northampton, MA) analysis
software. AFM data were acquired in soft tapping mode using silicon nitride AFM probes
(Budget sensors, Innovative solutions Bulgaria Ltd., Sofia, Bulgaria) characterized by a
spring constant of ~0.27 N/m and a tip radius of < 15 nm. AFM data acquisition was
pursued by scanning 10 x 10 µm2 and 5 x 5 μm2 sections, respectively, of the membrane
samples using a scan rate of 1 Hz and a resolution of 256 x 256 pixels. Typically, AFM
images were taken within 24 hours of sample preparation. All AFM data were analyzed
using the section analysis tool to determine the width and height of buckling structures.
The AFM section analysis was pursued at approximately half micron intervals in the 40
mol% CHOL containing monolayers to obtain the buckle height and the buckle width. In
monolayers with less than 40 mol% CHOL, the section analysis was done on the buckles,
which are above the height of 2 nm. In order to achieve statistical significance, three
separate AFM images from each CHOL category were used to get the height and the
width of the buckles, and the average and the standard deviation was calculated.

47
3.2.5

Calculating Different Buckling Parameters with Different Cholesterol Containing
LB Monolayers
A lipid monolayer compressed and transferred to a glass slide has certain

parameters describing its stiffness. These parameters include area elastic modulus,
bendability or bending modulus, critical compressive biaxial stress at the onset of
buckling (σc), and compressive biaxial stress in the unbuckled state (film stress - σ0).
These properties will vary depending on the composition of the lipid monolayer. For
example, as we previously showed, increasing the concentration of

DSPE-PEG 5000

does increase the bending modulus of the monolayer (26). Of more biological interest,
these properties can also vary for different concentrations of CHOL. The K0A (elastic
area-expansion modulus of a single, bare lipid layer without polymer lipid) for each
concentration of CHOL was obtained from a previous work (81). The area elastic
modulus (KA) for varying lipopolymer types and concentrations (Xp) can be calculated
from Eq. 2 described in section 2.4.4. The K0A (elastic area-expansion modulus of a single,
bare lipid layer, without polymer lipid for each CHOL concentration was obtained from
Lasic et al (1995) (81). The bending modulus (Kc) of the film was calculated by using
Eq.19 with the value obtained from the Eq.2 for KA and the thickness of the monolayer (h)
using calculations of the film thickness for different concentrations of CHOL as
described in section 3.2.5.1.
Eq. 19
The equation for the plain strain modulus of the film

and its relations to the

Young’s modulus is given by the Eq. 20 and 21 respectively (96),(97). Ef = Young
modulus of the film, vf = Poisson’s ratio of the film.

48

(

(

(

(

(

(

Eq. 20
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Eq. 21
Eq. 22

The plain strain modulus of the film was calculated by using the Eq.22, which is
formulated from Eq. 20 and 21. The σc and σ0 are calculated using the Eq.3 and 4
described in section 2.5. The graphs of the KA, Kc, σc, and σ0 with respect to the CHOL
concentration were plotted to understand the relation between these parameters to the
CHOL concentration.
3.2.5.1 Calculating the Monolayer Film Thickness with Increasing Cholesterol
Concentration
Monolayer film thickness was calculated according to Table 1. An average
monolayer thickness without CHOL was considered to be 2.5 nm (98). The percent
increase in the bilayer thickness with increasing CHOL concentration was used to
calculate the thickness of the monolayer for each category (99). Then the total thickness
of the monolayer with DSPE-PEG 5000 was obtained by adding the thickness attributed
to the lipopolymer. The length of the lipopolymer was taken as 8.8 nm (77).
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Table 2: Monolayer film thickness with increasing cholesterol concentration
CHOL mol %
% increase in the
Thickness of the
Total thickness of
bilayer with
lipid monolayer /nm
the monolayer
increasing CHOL
(lipid+polymer)
concentration
/nm
0
0
2.50
11.30
5
5
2.62
11.42
10
10
2.75
11.55
20
18
2.95
11.75
30
20
3.00
11.80
40
20
3.00
11.80
3.2.6

Investigating the Distribution of Lipopolymer, Cholesterol and the Lipids in LB
Monolayers
Experiments were conducted with CHOL, phospholipids, and dye-labeled

lipopolymers to explore the possibility of large scale phase separations in our CHOL
lipopolymer systems. Monolayers were prepared with 3% mol DSPE-PEG 5000, 40 mol%
CHOL, and 55.8 mol% SOPC (0.6 mol% dye concentration) lipids. EPI fluorescence
microscope images were taken with equal exposure time for all the monolayers in order
to compare the dye distribution in different lipid composition. Then the intensity analysis
was performed in buckled and unbuckled regions for each monolayer investigated. Next,
we compared the intensity of the buckle region to that of the unbuckled region. The value
is used to compare the distribution of lipid molecules, lipopolymers, and CHOL in the
buckled and unbuckled regions.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1
4.1.1

Influence of Bilayer Asymmetry on Integrin Sequestration

Symmetric and Asymmetric lo-ld phase Separations in Polymer-Tethered Lipid
Bilayers
To explore the relationship between bilayer asymmetry and integrin sequestration,

we determined the distribution of v3 and 51 integrins in a polymer-tethered lipid
bilayer of asymmetric lipid composition with coexisting lo-ld lipid regions and compared
these experiments with previous work on symmetric bilayers. Figure 7 shows the
difference between symmetric and asymmetric bilayer systems. In an asymmetric bilayer,
the lo-ld phase separation is only seen in the top leaflet of the bilayer. In this system, the
bottom leaflet contains a homogenous ld phase. In a symmetric bilayer, the lo-ld phase
separation spans the whole bilayer.
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Figure 7: Schematic of lo-ld phase separations in polymer-tethered lipid bilayers of
asymmetric (left) and symmetric (right) lipid compositions. In the asymmetric bilayer
system, lo-ld phase separations are exclusively located in the top leaflet (LS monolayer) of
the bilayer while the bottom leaflet (LB monolayer) is characterized by a homogeneous ld
phase (coexistence between Mlo and Bld regions). In contrast, the symmetric bilayer
exhibits bilayer-spanning lo and ld regions (coexistence of Blo and Bld).
4.1.2

Design and Characterization of Asymmetric Bilayers

Asymmetric bilayers are prepared by using the LB/LS transfer method, which is
described in the Materials and Methods section. There are several advantages to use the
LB/LS transfer method to make solid supported bilayers over the vesicle fusion method.
Dipping in the LB/LS process enables us to form homogenous bilayers with few defects,
and fabrication of asymmetric composition is achieved. Figure 8 shows the representative
EPI micrograph images of an asymmetric bilayer. The lo-ld phase separation in the top
leaflet is shown by NBD-DHPE, which is a raftophilic membrane marker (Figure 8 A).
The bottom leaflet is labeled with raftophobic membrane marker DiI showing a
homogenous ld phase. This is depicted in Figure 8 B. The lipid composition of the
asymmetric bilayer (Figure 8, A and B) is composed of Type I (LS layer) and Type V
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(LB layer) lipid composition (Table 1). Figure 8, C and D depicts a representative
symmetric bilayer showing the lo-ld phase separation in both leaflets through the NBD
and DiI channels. Again the top leaflet is labeled with NBD-PE and the bottom leaflet is
labeled with DiI. The lipid composition of the symmetric bilayer (Figure 8, C and D) is
composed of Type IV (LS layer) and Type II (LB layer) lipid compositions (see Table 1).

Figure 8: EPI-micrographs showing the asymmetric (A, B) and the symmetric lipid
bilayers (C,D) observed through the NBD (A,C) and DiI channels (B,D). (A)Asymmetric bilayer LS layer (top leaflet) (B)-Asymmetric bilayer LB layer (bottom
leaflet) (C)-Symmetric bilayer LS layer (top leaflet) (D)-Symmetric bilayer (LB layer).
DiI is chosen in the bottom leaflet because it is less prone to flip flop across both
leaflets (100). This assures that the observation through the DiI channel will only give
information about the bottom leaflet. Consequently, the observation through the NBD
channel exclusively displays the lipid-lipid phase separation in the top leaflet (Mlo) of
asymmetric bilayers.
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4.1.3

Elucidating the Stability of Bilayer Asymmetry

To confirm the stability of the bilayer, EPI analysis is repeated at different time
intervals. Representative EPI micrographs of the asymmetric bilayer after 12 hrs are
presented in Figure 9. Again, the EPI micrographs shows phase separation in the top
leaflet through the NBD channel (Figure 9 A) and no phase separation in the bottom
leaflet through the DiI channel (Figure 9 B). In another control experiment, the
asymmetric bilayer was incubated with surfactant in order to confirm the stability of the
asymmetric bilayer in the protein reconstitution process. Specifically, the asymmetric
bilayer is incubated with 0.55 μm OG for 2 h, rinsed with PBS and incubated for another
10 h. As Figure 9 demonstrates, the corresponding EPI micrographs through the NBD (9
A) and DiI channels (9 B) show no notable differences when compared to the surfactantfree bilayers in Figure 8, A and B.
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Figure 9: Epi-micrographs showing the stability of the asymmetric bilayer in the presence
of surfactants over time. (A) and (B): Images of the asymmetric bilayer after 12 hrs. This
bilayer is incubated in an appropriate amount of surfactant for 2 hrs followed by washing
with PBS. (A): Top layer-DOPC: DPPC: CHOL- (2.1: 1.2: 1.0) & 0.5% NBD-PE
visualized through an NBD-PE filter. (B): Bottom layer - (DOPC: CHOL) -2:1 (5 mol%
diC18M50 & 0.1% DiI). (C): Image of the asymmetric bilayers of NBD-DHPE distribution
containing Mlo domains [LB composition: (2:1) (DOPC: CHOL); LS composition:
(2.1:1.2:1.0) (DOPC: DPPC: CHOL)]. (D): Symmetric bilayer composition [LB and LS
lipid composition: (1.5:0.5:1.0) DOPC: DPPC: CHOL]. In both bilayer systems, 5 mol%
of diC18M50 is included in the LB composition. The symmetric bilayer composition
reflects the condition of disappearing concentration gradients of DOPC and DPPC across
asymmetric bilayers
Figure 9, C and D compare the lipid mixing behavior in the top leaflet of an
asymmetric bilayer [LS composition: 2.1:1.2:1.0 (DOPC: DPPC: CHOL); LB
composition: 2:1 (DOPC: CHOL)] (C) and a symmetric bilayer [LB/LS composition:
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1.5:0.5:1.0 (DOPC: DPPC: CHOL)] (D). Here the symmetric bilayer contains the
hypothetical equilibrium composition assuming complete loss of bilayer asymmetry via
lipid flip flop. Figure 9 D represents the symmetric bilayer obtained from this
composition. This figure shows there is no lo-ld phase separation in the LS layer. Because
l lipid-lipid phase separation can be observed in the asymmetric bilayer (C), the control
experiment in Fig. 9 D confirms that loss of bilayer asymmetry through flip flop
processes appears to be insignificant. In other words, the asymmetric bilayer
compositions employed remains remarkably stable. Previous work on asymmetric
bilayers has also shown that there is a relatively slow flip flop between the two leaflets
(75),(101).
4.1.4

Characterizing lo and ld Domains in the Symmetric and Asymmetric Bilayer

Characterization of lo and ld domains in the symmetric and asymmetric bilayer is
done by analyzing the domain-specific brightness, concentration, and lateral diffusion of
lipids. This is accomplished by using confocal fluorescence intensity analysis and FCS
analysis of 0.002 mol% TRITC-DHPE in both leaflets of the bilayer. The results of the
domain-specific characterization of symmetric and asymmetric bilayers are provided in
Table 3. This table also includes the results obtained from control experiments on two
binary DOPC-CHOL mixtures (DOPC/CHOL-2:1 and 4:1). The control experiments
confirmed that the increase in CHOL in the bilayer is associated with reduced lateral
mobility and brightness of TRITC-DHPE. In contrast, there is no difference in lateral
mobility and brightness of TRITC-DHPE in lo and ld domains of asymmetric and
symmetric bilayer systems. The largely indistinguishable lateral mobility in the lo and the
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ld domains of the symmetric and asymmetric bilayers has also been reported previously
(102),(103).
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Table 3: Characterization of lo-ld phase separations in asymmetric and symmetric bilayers
Bilayer type
Diffusion
Diffusion
Brightness
Normalized
Time (ms)
Coefficient
(PCH
Fluorescence
(μm2/s)
analysis)
Intensity
(CS-XY Analysis)
DOPC only
3.16±0.34
1.68±0.20
6.25±0.71
DOPC :CHOL
5.89±0.99
0.89±0.15
4.57±0.79
(4:1)
DOPC :CHOL
8.69±1.50
0.61±0.13
3.45±0.36
(2:1)
Asymmetric -ld
5.87±1.65
0.90±0.21
3.97±0.57
0.60±0.03
(Bld)
Asymmetric -lo
6.19±1.17
0.86±0.15
3.77±0.73
0.40±0.02
(Mlo)
Symmetric - ld
6.21±1.17
0.90±0.14
4.10±0.40
0.70±0.03
(Bld)
Symmetric -lo
6.34±1.34
0.83±0.15
3.57±0.44
0.30±0.02
(Blo)
In addition to TRITC-DHPE labeled diffusion and brightness characterization, lo
and ld domains in asymmetric and symmetric bilayers are also analyzed in terms of
normalized fluorescence intensity ( I=Ii(i=lo,ld)/Ilo+Ild) of TRITC-DHPE using confocal
spectroscopy (CS-XY) scans. Again the normalized fluorescence intensity data show
comparable values for lo and ld regions in asymmetric and symmetric bilayers. Together
the PCH brightness and normalized fluorescence intensity data suggest that there is not
much difference in lipid packing density between lo and ld regions of symmetric and
asymmetric bilayers.
4.1.5

Comparison of Integrins (αvβ3 and α5β1) Sequestration in Asymmetric and
Symmetric Bilayers (in the presence and absence of ECM ligands)

Study of protein sequestration in rafts is challenging, due to the small size and
transient nature of raft domains (104). Current methods of raft analysis include detergent
extraction assay, crosslinking assay and CHOL depletion assay (49, 50). These methods
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are often indirect and have drawbacks. The ideal solution to these problems would be to
utilize raft-mimicking model membranes. Model membranes have been used to study the
sequestration of membrane receptors and their responses to crosslinking agents (105,
106). However, model membrane systems are well suited to study the protein
sequestration without using any artificial cross linking agents. Previously, our group
applied this concept and explored the sequestration of integrins in polymer-tethered lipid
bilayers of symmetric composition with coexisting Blo-Bld domains using sensitive
fluorescence fluctuation spectroscopy (3). Integrins are used for these experiments
because of their involvement in many raft associated activities, such as cell adhesion,
morphology, motility, and angiogenesis. They can also be functionally regulated by
different factors, such as ligand binding, divalent cations, and micro clustering (107). In
the current Ph.D. thesis work, the role of bilayer asymmetry in integrin sequestration is
explored using a comparable imaging strategy. In this case, integrins are added to
symmetric and asymmetric bilayers according to the description given in section 3.2.2.
Integrin sequestration studies in Mlo and Blo domains are characterized using confocal
CS-XY scans. . Figure 10, A-J shows representative CS-XY scans of the αvβ3 integrin
distribution in symmetric and asymmetric bilayers. Here, the top row represents the
integrin distribution before addition of ECM ligands and the bottom row exhibits
corresponding data after addition of ECM ligands. In the asymmetric bilayer system, Mlo
domains are characterized through DiD (Figure 10, A and F) and NBD (Figure 10, B and
G) channels, whereas the corresponding integrin distribution is determined by the Alexa
Fluor-555 channel (Figure 10, C and H). In symmetric bilayers, Blo domain phase
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separation and corresponding integrin distribution are characterized through NBD (Figure
10, D and I) and Alexa Fluor-555 channels (Figure 10, E and J), respectively.

Figure 10: CS - XY scans of αvβ3 integrin distribution in the presence of monolayer
spanning (asymmetric bilayer) and bilayer-spanning (symmetric bilayer) lo-ld phase
separations before (top row) and after addition of VN (bottom row). Box = 6 x 9 μm2.
According to Figure 10, D and E the opposite preference in the NBD and Alexa555 channels suggests that αvβ3 integrin prefers the ld regions in the symmetric bilayer.
This work has been published before (3). In contrast, Figure 10, B and C demonstrates
that αvβ3 prefers the lo phase in asymmetric bilayers. Addition of ECM ligands also
showed a different impact on αvβ3 in symmetric and asymmetric bilayers. In symmetric
bilayers (Figure 10, I and J), αvβ3 prefers lo phase. As reported previously, ligand binding
causes the translocation of integrins from the ld to the lo phase (3). In contrast, no
comparable αvβ3 translocation is observed in asymmetric bilayers (Figure 10, G and H).
The sequestration of α5β1 integrin in asymmetric bilayers is also investigated using the
same method. Comparable qualitative results are obtained. Next, a more quantitative
analysis of integrin distribution is performed in terms of the Eraft parameter, which has
been introduced in section 3.2.3.2. The results obtained for αvβ3 and α5β1 in the
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asymmetric bilayer, along with the results from the symmetric bilayer, are given in
Figure11.

Figure 11: Comparison of Eraft values for symmetric (Blo domains) and asymmetric (Mlo
domains) bilayers for αvβ3 and α5β1 integrins
The Eraft values for αvβ3 and α5β1 are positive in the asymmetric bilayers but
negative in its symmetric counterpart. According to the Eraft values, αvβ3 and α5β1 prefer
the lo phase (Mlo) in asymmetric bilayers. In contrast, αvβ3 and α5β1 prefer the ld phase in
symmetric bilayers (3). The quantitative Eraft data in Figure 11 provide an opportunity to
compare the integrin affinity for each phase. The most preferred state for both integrins is
the Mlo domain, followed by the Bld and Blo phases. There are several partially competing
factors that contribute to the specific domain affinity of integrins (108). The most
important factors are compressibility of the bilayer, width of the bilayer, and interaction
between extracellular integrin head groups and bilayer. These factors and possible
mechanisms will be discussed in section 4.1.7.
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4.1.6

Influence of Ligand Addition on Dimerization and Brightness of αvβ3 and α5β1
Integrins
Because ligands and crosslinking agents are known to change the sequestration of

membrane proteins in lo and ld phases in the bilayer (10, 109), our next step is to
determine the oligomerization status of αvβ3 and α5β1 upon addition of extracellular
matrix ligands VN (αvβ3) and FN (α5β1) (10, 11). We are able to determine the brightness
and dimerization values of αvβ3 and α5β1 before and after addition of their respective
ECM ligands by using the PCH method. This method has been described previously in
section 3.2.3.1(3). Representative results of the PCH analysis of the αvβ3 and α5β1 in Mlo
and Bld containing bilayers are shown in Figure 12. The PCH data are shown with
markers and the best fit model is depicted using in a dotted line (Figure 12, A-D).
Molecular brightness and the fraction of dimers for each integrin are given in Figure 12,
E and F. According to the PCH data in Figure 12, αvβ3 and α5β1 in lo and ld phases
predominately exist in a monomeric state regardless of the presence of VN and FN.
These results are in good agreement with previous work done by our group on integrin in
symmetric bilayers (3). These findings are significant because similar results have been
obtained previously on integrins without cytosolic linkages in a plasma membrane (110).
Here the authors were able to show that addition of ligands does not cause integrin
clustering. Figure 12 E depicts the ratio of the brightness of the MAbs in the bilayer over
the solution brightness obtained from PCH analysis. According to our results the ratio is
around 83±1% , which is in good agreement with results obtained from the symmetric
bilayer (3). This implies that the brightness of the fluorescence antibody in the lo and ld
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phase in the asymmetric bilayer is similar to the antibody brightness in the solution. The
same results are obtained upon addition of the ligand as well.

.
Figure 12: PCH curves for αvβ3 (A, C) and α5β1 (B, D) before (light markers) and after
(dark markers) ligand binding in both lo phase (A, B) and ld phase (C, D). Dotted lines are
best fit curves from the PCH algorithm. (E) Brightness compared to MAbs in solution
and (F) fraction of dimers found through PCH analysis of αvβ3 (left) and α5β1 (right)
integrin proteins before (light bars) and after (dark bars) ligand binding in ld and lo
phases
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4.1.7

Potential Mechanisms for the Integrin Sequestration in Symmetric and
Asymmetric Systems

Several competing factors contribute to the affinity of integrins to specific lipid
domains (111). They are compressibility of the bilayer, width of the bilayer, and
interaction between the extracellular integrin head groups and lipids of the bilayer.
Integrin preference to the ld phase could be attributed to the lower packing density in this
phase (relative to the lo phase). It has been shown that the α helices of bilayer-spanning
peptides strongly associate with the ld phase (112). Therefore, integrin sequestration
properties are associated, at least in part, with differences in the compressibility modulus
(lipid packing density) of lo and ld phases. In other words, the compressibility modulus of
the ld phase allows integrin incorporation into the bilayer with less energy cost (111).
Characterization of Eraft values with dye labeled lipids gives us information on the
lipid-packing density in the monolayer and bilayer spanning domains. The Eraft values
obtained from TRITC-DHPE dye labeled lipids for asymmetric and symmetric bilayers
are -0.2 and -0.46 respectively. These Eraft values imply that Mlo domains have a
moderately lower packing density and a higher compressibility than Blo domains. This
criteria energetically favors the incorporation of integrins into Mlo over Blo domains, thus
explaining the higher affinity of integrins for the Mlo over Blo domains.
Hydrophobic mismatching between the bilayer and the TM part of the protein
may also play an important role in protein sequestration in coexisting lo and ld domains.
According to X-ray diffraction data of DOPC-CHOL, CHOL-SL, and DOPC lipid
mixtures, the hydrophobic thickness values of Bld, Mlo , and Blo are 33±1 Å (Bld), 35.5±1
Å (Mlo), and 38±1 Å (Blo) respectively (108). These values indicate that the hydrophobic
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thickness of the Bld closely matches with the thickness of the TM α-helixes of α and β
units of integrins, which are 31.6±3.4 Å and 30.0±3.6 Å respectively (113, 114).
Therefore, the observed Bld preference of integrins in symmetric bilayers can be
explained on the basis of hydrophobic matching arguments. Interestingly, hydrophobic
matching arguments predict no particular preference for Bld and Mlo regions in
asymmetric bilayer compositions. Because our results indicate that integrins prefer the
Mlo region over the Bld region in such asymmetric bilayer system. We assume that there
is another contributing factor regulating integrin’s affinity for different lipid domains.
This third factor is likely the interaction between lipid bilayer and extracellular head
groups of integrins. Such a contribution appears particularly plausible for integrins in the
resting state. In this state, the integrins ectodomain is in a bent form and in close vicinity
to the lipid bilayer (Figure 13). On the basis of this line of reasoning, we hypothesize
that the integrins’ higher affinity for the Mlo domain in the asymmetric bilayer is
associated with the preferential interaction between the integrin ectodomain and the lipids
in the Mlo region. Importantly, a higher lo preference of α5β1 integrins in asymmetric
bilayer before ligand addition is also observed.
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Figure 13: The confirmation change of the αvβ3 integrin upon addition of the extracellular
matrix ligands. (Adapted from (115))

According to Figure 11, in asymmetric bilayers there is no significant change in the
Eraft value observed upon addition of ligands. This is a significant difference in
comparison to the symmetric bilayer, where substantial translocations of integrins are
observed from ld to lo after addition of ligands (3). In the asymmetric bilayer, the change
in raftophilicity of the integrin αvβ3 is minute [Xmigrate(αvβ3) = -5.5 ± 6%] in comparison to
the corresponding value obtained in symmetric bilayers [ Xmigrate(αvβ3) = 53 ± 6%]. Net
translocation between lipid phases are likely caused by ligand-induced allosteric changes
of integrins (115, 116). Such allosteric changes may involve all parts of the receptor (i.e.,
extracellular, TM, and cytosolic domains). In other words, stretching of the integrin
ectodomain upon ligand binding is presumably accompanied by a substantial
reorganization of TM α-helical structures and integrin cytosolic domains. Importantly,
this structural reorganization of integrins will change the tilt angle of the TM helices, thus
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affecting the hydrophobic thickness of these receptors (117). Indeed, experiments on
integrins have shown that ligand-induced conformational changes in the integrin
ectodomain can be propagated through the plasma membrane, thereby separating α and β
cytosolic domains (118). At the same time, the ligand-induced stretching of integrin
extracellular heads will result in the reduction of interactions between integrin
ectodomain and lipid bilayer. Therefore, we hypothesize that integrin’s affinity for the lo
phase upon ligand addition in symmetric and asymmetric bilayers is likely due to the
rearrangement of the integrin TM region, which affects hydrophobic matching conditions
between the bilayer and integrins.
4.2

The Effect of Cholesterol Concentration on Integrin Sequestration in Different Raft
Mimicking Lipid Mixtures
Experiments on 1:1:1-DOPC: DPPC: CHOL mixtures suggest that integrin

sequestering can be explained, in part, in terms of hydrophobic matching arguments. To
test this concept further, we systematically varied CHOL content in DOPC/DPPC/CHOL
mixtures. By varying CHOL concentration, it is possible to alter line tension between lo
and ld phases (line tension reflects differences in hydrophobic thickness between lo and
ld ). It has been shown that line tension decreases if one moves from the center to the
boundary of the lo-ld coexistence region in the phase diagram (57). According to the
phase diagram of the DOPC: DPPC: CHOL mixture (Figure 14), raft forming lipid
mixtures for different concentration of CHOL (20 mol%, 28 mol%, 33 mol%, 35 mol%
and 37 mol%) are formed. In each case, DOPC and DPPC are kept at an equal molar ratio.
The monolayer and bilayer are prepared according to the description in section 3.2.1.5.
The presence of lo -ld phase separation is confirmed by using 0.2 mol% NBD-DHPE in
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both leaflets of the bilayer and by visualizing the bilayer samples using EPI microscopy.
Figure 15 depicts representative EPI micrographs of the LS/LB monolayers and their
respective bilayers for different CHOL concentrations. The EPI micrographs show that
the lo-ld domains are significantly smaller in 20 mol% and 35 mol% CHOL than in the 33
mol% and 35 mol% mixtures. This difference in domain size reflects the difference in
distances from the phase boundary of the lo-ld coexisting phase (57). Next, incorporation
of αvβ3 into the bilayers is done using a modified Rigaud technique, which has been
explained in section 3.2.2.

Figure 14: Simplified DOPC: DPPC: CHOL phase diagram showing the phase boundary
of the lo-ld coexisting phase and the DOPC: DPPC: CHOL mixtures of different CHOL
molar concentrations investigated (small circles). As the phase diagram indicates, the
DOPC-DPPC molar ratio was kept at an equimolar ratio (59)
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Figure 15: EPI micrographs of LB/LS monolayers and bilayers of raft-mimicking lipid
mixtures with different percentage of CHOL (DOPC: DPPC-1:1)
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To monitor integrin sequestration, a 543 nm He laser was used to probe the
distribution of Alexa 555 labeled proteins. The NBD-DHPE distribution in the bilayer
was monitored using a 488 nm Ar laser. Representative CS-XY scans of αvβ3 (before and
after addition of VN) and NBD-DHPE distributions in bilayers containing 20 and 35 mol%
CHOL are presented in Figure 16. Control experiments with NBD-DHPE, but without
Alexa-555 labeled anti-integrin MAbs, were done to evaluate the background
contribution (data not shown).

Figure 16: CS-XY scans of αvβ3 integrin distribution in DOPC/DPPC/CHOL mixtures
with the 20 mol% and 35 mol% CHOL. A, B box =10.5 x 10.5 μm2. C, D box = 9 x 10
μm2.
The CS-XY scan of the 35 mol% CHOL sample (Figure 16, C and D) indicates
that integrin prefers the ld phase. In contrast, the 20 mol% CHOL sample (Figure 16, A
and B) shows no pronounced integrin preference to either phase. Eraft and PCH data were
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obtained according to the description given in experimental section 3.2.3.2. Figure17
depicts the Eraft values of integrin distribution obtained for different CHOL
concentrations. According to the figure, Eraft changes substantially between 20 mol% and
35 mol% CHOL.

Figure 17: Eraft values for different concentrations of cholesterol for DOPC: DPPC-1:1
raft mimicking mixtures
At 20 mol% CHOL, the Eraft value before adding the extracellular ligands (VN) is
neither positive nor negative. This implies that the integrins equally prefer the lo and ld
phase at this CHOL concentration. On the other hand, between 28and 35 mol% CHOL,
integrins prefer to go to the ld phase. Interestingly, the Eraft values for 35 mol% and 37
mol% are less negative than those for 33% CHOL. Notably, a similar trend can be
observed after addition of VN, albeit Eraft values are now positive. Here the integrins
have been trans-locating from the ld to the lo phases upon addition of VN, presumably due
to ligand-induced allosteric changes of the receptors affecting hydrophobic matching of
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the TM protein region and the lipid bilayer (30, 119). Again, larger Eraft values are found
in the center of the lo-ld coexistence region (28 mol% and 33 mol% CHOL), whereas the
lower values are obtained at the “edges”, i.e. at 20 mol% and 35 mol% CHOL,
respectively. Representative CS-XY data of αvβ3 integrin sequestration after addition of
VN is depicted in Figure 18. According to Figure 18, integrins sequester into the lo phase
for 20 mol% and 35 mol% CHOL respectively.

Figure 18: XY scans of the αvβ3 integrin distribution in the 20 mol% and 35 mol% CHOL.
A, B, C, D box =10.5 x 10 μm2
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Results from Figures 16-18 indicate that the amount of CHOL in the lo-ld
coexisting phase region has a substantial influence on integrin distribution in the bilayer.
This can be attributed to several factors. In the presence of CHOL, lipids become more
ordered and tightly packed and the permeability of the membrane is reduced (45). This
will facilitate the lipid packing density of the membrane. Lipid packing density is a key
factor governing the incorporation of TM proteins, such as integrins, into the bilayers
(111). Addition of CHOL also alters the thickness of the bilayer (19, 45, 46). Such
CHOL-induced changes in bilayer thickness may influence membrane protein
sequestering via changing hydrophobic matching conditions. This is because the
hydrophobic thickness of the lipid bilayer is a crucial factor for the energy landscape of
TM proteins. It is widely accepted that hydrophobic thickness influences the spontaneous
incorporation of proteins into bilayers (19). According to the “mattress model”, lipids
adjust locally to mismatch the hydrophobicity of lipids and membrane proteins (19, 46).
This will result in lengthening or strengthening the lipids or tilting the proteins. CHOL
likely influences membrane protein sequestration behavior because it is expected to
suppress membrane adaptation processes in response to hydrophobic mismatch.
Consequently, in the presence of coexisting lo-ld domains of different CHOL
content, variations in CHOL concentration may result in changes in membrane protein
sequestration, as observed in Figure 17. On the basis of the above arguments, the most
pronounced integrin segregation is at the center of the lo-ld coexisting region. Less
significant integrin segregation near the “edges” can be understood in terms of smaller
line tensions (i.e., reduced hydrophobic thickness differences between lo and ld domains) .
It has also been shown that CHOL can alter the tilting angle of TM peptide according to
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hydrophobic mismatching (19). Such a process may trigger the rearrangement of lipids of
different acyl chain lengths needed for TM mismatch. For example, TM proteins with
different TM thickness are located in the CHOL poor endoplasmic reticulum (ER)
membrane. This shows the adaptability of the membrane to incorporate different lengths
of proteins. Intriguingly, Nilson and coworkers have shown that the translocation of
proteins in the ER membrane can be reversibly inhibited by CHOL levels (48).
The dimerization of the integrins is obtained using the PCH method, which has
been described in section 3.2.3.1. Dimerization values for different CHOL concentration
systems are given in Figure 19.These results indicate that no significant change in the
dimerization values is observed for different CHOL concentrations. Addition of VN did
not influence the dimerization of integrins.

Figure 19: Dimerization values of integrins for different CHOL concentration in raftmimicking lipid domains.
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4.3

Effect of Lipopolymer and Cholesterol Concentration on the Buckling Process in
Phospholipid Monolayers
4.3.1

Buckling Phenomena in SOPC: DSPE PEG-5000 Monolayers

The above discussion illustrates that an understanding of important membrane
processes, such as membrane protein sequestration in raft-mimicking lipid mixtures,
requires a thorough understanding of membrane physical properties. Therefore, my next
project focused on the characterization of crucial materials properties of polymer-tethered
membranes. In particular, our interest was on the investigation of mechanical properties
and stress relaxation phenomena in such membranes. It is well documented that cellular
membranes may show membrane buckling phenomena in response to applied stress. .
The most common example is the lung, which is covered by a monolayer of lipids
(phospholipids and lung proteins). This monolayer undergoes reversible wrinkling and
folding during normal breathing (20). Cytoskeleton-facilitated curved structures such as
lamellipodia, filopodia, pseudopodia, and phagocytic cups are also seen in biological
systems. The mechanisms behind membrane buckling phenomena are complex and
remain an open topic of scientific debate. The physisorbed polymer-tethered membrane is
an ideal system to contribute to this debate. Recently our group formed buckles in model
membrane systems by altering lipopolymer concentration (26) and found that
lipopolymers enable tuning of the elastic properties of the lipid bilayers. Interestingly the
elasticity of these model membranes could be adjusted by changing the molar
concentration of the lipopolymer in the membrane (26). Specifically, elevated
lipopolymer concentrations induced substantial stress in the membrane. Polymer-tethered
membranes were found to respond to the applied lateral stress by partially delaminating
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from the solid substrate, thus forming membrane buckling structures. Fewer buckles
were formed at low lipopolymer concentration (low lateral stress), whereas significant
amounts of buckling were seen at medium and higher lipopolymer concentrations (high
lateral stress). It was also observed that increasing lipopolymer concentration increased
the buckling width, and the buckling area (percentage of the buckles) in the membrane.
Importantly, a metric relationship between membrane elastic properties and buckling
structures formation could be derived for polymer-tethered lipid monolayers (26). This
was achieved through the combination of mean-field calculations of polymer-tethered
membranes and buckling theory of a straight-sided blister (Euler column).
4.3.2

Cholesterol Induced Buckling in Polymer-Tethered Monolayers with 3 mol%
DSPE-PEG 5000
According to the mean-field theory calculations, it has been shown that

incorporating lipopolymers into liposomes or planar solid-supported bilayers cause
changes in bending modulus and compressibility (77, 78). The change in these properties
depends on polymer type, molecular weight, and concentration. It is also known that
CHOL plays a major role in the bending elasticity in model and biological membranes.
We therefore hypothesized that CHOL could also induce buckles in polymer tethered
membranes by influencing stress relaxation processes in the membrane. The goal of these
experiments was to investigate the crucial relationship between membrane elastic
properties and the buckling structures in physisorbed polymer-tethered monolayers in
general, and the role of CHOL content in these systems in particular. The monolayers
were characterized through EPI micrographs and AFM images.
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4.3.2.1 EPI Micrographs and AFM Images of Polymer-tethered Monolayers with
Different CHOL Concentration
First monolayers of SOPC with different concentrations of CHOL in the presence
of 3 mol% DSPE-PEG 5000 were constructed using the LB technique. These monolayers
were analyzed using EPI. Figure 20 shows representative EPI micrographs from these
experiments. As Figure 20 illustrates, there are no large-scale buckling structures in the
monolayers between 5 mol% (Figure 20 A) and 30 mol% CHOL (Figure 20 B). In
contrast, the EPI micrograph for 40 mol% CHOL (Figure 20 C) suggests the existence of
large-scale buckling structures. Interestingly, tiny white dots could be observed at 5 mol%
CHOL (Figure 20 A). These white dots became more pronounced with increasing CHOL
concentration. At 40 mol% CHOL, ridges were observed in this monolayer (Figure 20 C).

Figure 20: EPI micrographs of physisorbed polymer-tethered lipid monolayers comprised
of SOPC: 3 mol% DSPE-PEG5000 with 5 mol% (A), 30 mol% (B), and 40mol% CHOL
(C). To conduct EPI experiments, each monolayer contains 0.5% TRITC-DHPE. The
white scale bar represents 10 μm in size.
Next we designed a set of control experiments to investigate the mixing behavior
of CHOL and lipopolymers in polymer-tethered monolayers. It is well known that
CHOL may segregate preferentially in coexisting phases of different membrane
curvature (120). Furthermore, according to scaling laws of polymer physics, 3 mol%
DSPE-PEG 5000 is close to the mushroom-brush transition. Here, the small lipid
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anchor with a bulky polymer moiety interacts primarily through polymer-polymer
interactions. At this low lipopolymer concentration, phospholipids are expected to act
as template molecules with good mixing properties. Therefore, we assumed that there
would be no notable lipopolymer-induced phase separation in our polymer-tethered
membranes. In the case of a hypothetical lipopolymer-induced phase separation,
energetically unfavorable stretching of the polymer chain will occur in the membrane.
On the other hand, partial segregation of CHOL between buckled and non-buckled
regions cannot be excluded. In order to confirm these behaviors, we compared the
distribution of dye-labeled lipids, CHOL, and lipopolymers in the polymer-tethered
monolayer. Figure 21 (A) and (B) illustrates the distribution of dye-labeled
lipopolymers (TAMRA-DSPE-PEG 2000) and dye -labeled lipids (NBD-DHPE) in the
same monolayer. These figures indicate that the distribution of dye labeled
lipopolymers exactly tracked the distribution of dye-labeled lipids: both are high in
buckled region compare to the un-buckled region. This result confirmed that there is no
measurable buckling-induced segregation between lipopolymers lipids in polymertethered membranes with buckling structures.
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Figure 21: EPI micrographs comparing the distribution of TAMRA-DSPE PEG 2000 (A)
and NBD-DHPE (B), as well as TAMRA-DSPE PEG 2000 (C) and NBD-6-cholesterol
(D) in a physisorbed polymer-tethered monolayer system consisting of 3 mol% DSPEPEG 5000, 40 mol% CHOL, and 55.8 mol% SOPC (dye molecule concentration: 0.6
mol%). The size of the scale bar is 10 m.
The comparison of the distribution of dye-labeled lipids and dye labeled CHOL is
provided given in Figure 21(C) and (D) respectively. Analysis of these micrographs
suggests that there is a moderate depletion of NBD-6-Cholesterol implying a likely a
depletion of CHOL in buckled regions. This result is plausible in light of the well-known
preference of CHOL for less curved regions.
Following the described EPI experiments, we investigated the polymer-tethered
monolayers using AFM. The AFM micrographs of the monolayers with 5 mol %, 30
mol%, and 40 mol% CHOL are depicted in Figure 22 (A), (B), and (C) respectively.
The AFM micrographs showed that the tiny dots detected in the higher magnification EPI
micrograph are blisters, a specific form of buckling structures. In good agreement with
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EPI results, the number of blisters increases with increasing CHOL concentration until it
reached 30 mol% (Figure 22B). Then at 40 mol% CHOL blisters are replaced by ridges
(Figure 22 C). Notably, no buckles were observed in a 40 mol% CHOL monolayer
without lipopolymer (Figure 22 D). While Figure 22 A-C illustrates the significance of
CHOL in the buckling process, Figure 22 D demonstrates the important role of
lipopolymer as crowding agents in this process.

Figure 22: AFM images of the polymer-tethered lipid monolayers containing SOPC:
3mol% DSPE–PEG 5000, and 5mol% (A), 30 mol% (B), and 40 mol% CHOL (C). For
comparison, an AFM image from a SOPC monolayer with 40 mol% CHOL, but without
DSPE-PEG 5000, is shown as well (D). The image size is 10 µm x 10 µm.
4.3.2.2 Quantitative EPI and AFM Analysis of Monolayers with Different Cholesterol
Concentration
AFM section analysis allows a more thorough quantification of buckling structures.
Figure 23 and 24 show the section analysis of polymer-tethered monolayers with 0 and
40 mol% CHOL. In each case, AFM micrographs are quantitatively analyzed in terms of
height, width, and roughness of buckles. Results of the buckle height analysis in
monolayers of varying CHOL concentration are provided in Figure 25. According to
Figure 25, buckle height remain constant between 0-20 mol% CHOL, and increases
significantly for higher CHOL content.
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Figure 23: Section analysis for 0 mol% CHOL with 3 mol% DSPE-PEG 5000 in SOPC
monolayers

Figure 24: AFM section analysis for the 40 mol% CHOL with 3 mol% DSPE-PEG 5000
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Figure 25: Buckle height vs. CHOL concentration in the monolayers
A similar trend is observed with respect to buckle width (Figure 26) and
roughness (Figure 27). Again the width and roughness of the buckles does not change
between 0-20 mol% CHOL, but do gradually increase with increasing CHOL content
above 20 mol%.
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Figure 26: Width of the buckles from the AFM images for different concentration of
CHOL
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Figure 27: The buckle roughness vs. CHOL concentration in the monolayer
In order to determine the effect of CHOL on membrane thickness, we
theoretically calculated the thickness of the film for different concentrations of CHOL
(Figure 28). The thickness value is also used in membrane elasticity calculations. The
calculation of membrane thickness is done according to the description given in section
3.2.5. Figure 28 shows that the thickness of the film increases from 0-20 mol% CHOL.
Then between 20-40 mol% it stays constant. Intriguingly, it has been reported previously
that the thickness of the lipid membrane increases by 20% with the increase of CHOL
from 0-40 mol% (99).
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Figure 28: Thickness of the bilayer with increasing CHOL concentration
4.3.2.3 Stress Related Parameters Obtained from EPI-micrograph and AFM Images of
the Monolayers with Different Cholesterol Concentration
According to our results (Figure 22, A-C) CHOL influence buckling in polymertethered monolayers in the presence of low concentrations of lipopolymers. A
quantitative relationship between membrane elastic properties and experimentally
accessible buckling structure parameters (buckling amplitude, wmax and width, b/2) has
been developed previously (26). Here, wmax and “b” were obtained by analyzing AFM
micrographs via section analysis. Next we linked the buckling theory of an Euler column
to the elastic properties of the membrane. The Euler column is appropriate for our system
because the substrate stiffness is much higher than the membrane stiffness and the width
of the buckle is substantially larger than the thickness of the buckle (84). The mean-field
approach allows the calculation of the film thickness, h, and bending stiffness, Kc, of the
membrane (described in more detailed in section 3.2.5). Buckling theory provides the
theoretical frame work to link h and Kc to biaxial stress, σ0, and critical stress at the onset
of buckling, σc (Section 3.2.5). According to the mean field calculation approach, Kc of
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an SOPC bilayer with 20 mol% DSPE-PEG 5000 was found to be 400 kBT. Intriguingly,
this Kc value is similar to the bending elasticity found in Dictyostelium discoideum (wild
type) (121). On the other hand, the Kc of 5 mol% DSPE-PEG 5000 is around 50 kBT,
which is comparable to Kc values of red blood cells (122). Figure 29 A illustrates the
quantitative link between membrane buckling and the CHOL content. Here, we were able
to see a linear relationship between the bearing area (BA), and the CHOL molar
concentration. Previous work has shown that there is a linear relationship between BA
and Kc (26). This result was obtained using SOPC/DSPE-PEG 5000 mixed monolayers
with increasing lipopolymer concentrations (0-20 mol% lipopolymer without CHOL).
Importantly, a linear relationship between the film stress, σo, and CHOL molar
concentration was also observed in our experimental system. This result is depicted in
Figure 29 B.

Figure 29: Impact of CHOL molar concentration on bearing area (percentage of buckling
regions) (A) and biaxial stress, σ0, (B) in a physisorbed polymer-tethered lipid monolayer,
as obtained from analysis of EPI and AFM micrographs
The fact that we have demonstrated a linear scaling of BA and σo with respect to
CHOL concentration, depicted in Figure 29, represents a key result of our work on
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membrane buckling. This result is significant because it implies that both bending
elasticity and CHOL influence buckling behavior.
According to our results, lipopolymer and CHOL-induced buckling show
qualitatively similar behavior (20, 26). CHOL induced buckling can be explained in
terms of the combination of stress relaxation phenomena in response to lipopolymers in
polymer-tethered membranes and the influence of CHOL on lipid packing and membrane
stiffness. Polymer-tethered membranes can reduce the lateral stress through distinct stress
relaxation phenomena, such as membrane roughening (outside the buckling region)
and/or penetration of polymer chains of lipopolymers into the hydrophobic lipid region
(20, 76). The later process was particularly observed in the case of lipopolymers with
somewhat amphiphilic polymer chains like PEG. By increasing the lipid packing density
and the stiffness of the membrane, CHOL may play an important role in the regulation of
these stress relaxation processes. Our findings are also significant because CHOL plays
an important functional role in the biological membrane (123, 124). CHOL influences
membrane elastic properties, such as bending elasticity and compressibility (124, 125).
CHOL also impacts membrane curvature (120). For example, lipid phase separation
between CHOL-enriched and CHOL-deficient phases, which are associated with distinct
membrane curvature, may induce protein sequestration. Intriguingly, CHOL is enriched
in clathrin-coated pits, caveolae and synaptic vesicles (126-128).
Our results are also exciting in light of the previous report that CHOL plays a
major role in the normal breathing cycle through the reversible membrane wrinkling and
folding in the lung (20). The significance of CHOL in the structure and function of lung
surfactant has been reported by Bernardino and coworkers (129) . They found that when
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CHOL was extracted from the native pulmonary surfactant membrane, a dramatic change
in the membrane was observed. They also observed a dramatic change in spreading
properties of the native surfactant material at the air-liquid interface.
4.3.2.4 Buckling Regions as Diffusion Barriers
Previously, we have shown that bilayer formation may be is suppressed on top of
buckling regions in polymer-tethered membranes (20). This buckling-induced “dewetting”
has been attributed to the presence of penetrating polymer chains in such substrates.
Therefore, our next goal was to investigate the influence of CHOL in membrane
organization of polymer-tethered lipid bilayers. In order to achieve this, we prepared
polymer-tethered SOPC bilayer samples with 0and 40 mol% CHOL, respectively (LB
monolayer also contains 3mol% DSPE-PEG5000). Bilayer morphologies were initially
analyzed using EPI and spot photo bleaching experiments. As shown in Figure 30, the
EPI images show distinct heterogeneities, which largely reflect earlier AFM results
obtained using polymer-tethered monolayers of varying CHOL concentrations. At 0 mol%
CHOL the bilayer showed small dark spots, whereas at the 40 mol% CHOL, the sample
shows dark ridges. We also observed a phase inversion of EPI micrographs from
monolayer (Figure 20 C) to corresponding bilayer (Figure 30 D). The ridges in the
monolayers became valleys in bilayers and could be seen as dark areas in the EPI
microscope in good agreement with findings on CHOL-free polymer-tethered membranes
(26). The striking similarity of our data and corresponding CHOL-free data reported
recently (26) suggests that the monolayer buckles, and then partially delaminates from
the substrate due to the applied lateral stress in the membrane. As a result of monolayer
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buckling, bilayer formation on top of the buckled regions is prevented. Here, the bilayer
exists only outside of buckled regions. As Figure 31 shows, buckling- induced dewetting
regions can act as diffusion barriers, thus compartmentalizing the bilayer. Remarkably,
Figure 31 demonstrates that the degree of compartmentalization of the polymer-tethered
bilayer can be controlled by adjusting CHOL molar concentration. This result is
fascinating in light of the well-documented cytoskeleton-induced membrane
compartmentalization in plasma membranes (130).

Figure 30: FRAP images of the bilayers for 0% CHOL (A-C) and 40% CHOL (D-F) in
SOPC with 3 mol% DSPE- PEG 5000. 0.5 mol% TRITC-DHPE was used as the dye
labeled lipid. (A) and (D) - bilayers before bleaching. (B) and (E) bilayers immediately
after bleaching. (C) and (F) bilayer 20 s after bleaching, indicating recovery.
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Figure 31: EPI micrographs of physisorbed polymer-tethered lipid bilayer with 0 mol %
(A) and 40 mol% CHOL (B) in SOPC with 3 mol% DSPE-PEG 5000 and 0.5 mol%
TRITC-DHPE. (The size of the scale bar is 10 μm). The inset (size: 20 m x 20m),
which illustrates the boundary region of a bleaching spot, demonstrates that buckling
regions act as lipid diffusion barriers, as reported previously.
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CHAPTER 5. CONCLUSION

The primary objective of my research was to investigate the influence of distinct
lipid environments on αvβ3 and α5β1 integrin sequestration in raft-mimicking lipid
mixtures. Initially, integrin sequestration was investigated on asymmetric bilayers, where
the lo-ld phase separation is exclusively present in the top leaflet of the bilayer and the
bottom leaflet exhibits homogenous ld phase. In order to fulfill this objective, we
designed and characterized asymmetric bilayers using appropriate lipid compositions
with suitable dye-labeled lipids (NBD-DHPE and DiD). The monolayer based lo-ld phase
separations were analyzed using FCS, EPI, and confocal-XY scans. Next, the
sequestration behavior and oligomerization state of integrins in such asymmetric bilayers
were determined using CS-XY scan and PCH analyses. These experiments were
conducted in the absence and presence of native ECM ligands. Comparison of our data
with findings on bilayer-spanning lo-ld domains reported recently (3) demonstrated that
bilayer asymmetry/symmetry has a profound effect on integrin sequestration. Specifically,
these results showed that αvβ3 and α5β1 prefer the ld phase in symmetric bilayers (3) but
the lo phase in its asymmetric counterpart. Ligand addition did not cause any notable
change of integrin sequestration in the asymmetric bilayer, but lead to substantial net
translocations of αvβ3 and α5β1 integrins from the ld to lo phases in the symmetric system.
The observed differences in integrin sequestration can be explained in terms of distinct
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properties of lo and ld domains in symmetric and asymmetric bilayers. In particular,
differences in bilayer thickness affecting hydrophobic matching condition should be
considered. In contrast, differences in lipid packing density appear to be less significant
in these model lipid mixtures. Our findings are significant because they highlight the
potential importance of bilayer asymmetry on integrin sequestration in real biological
membranes. It should be emphasized that our model membrane results are in good
agreement with results on cell membranes, which also report lo phase preference of
integrins in the outer leaflet (131). The observed affinity of integrins for lo domains in
asymmetric bilayers represents an interesting result, due to the relationship of integrins
with raft domains in several biological functions such as TM signaling, cell adhesion, cell
morphology, and angiogenesis (10-12, 132).
The next step was to elucidate the integrin sequestration in raft-mimicking
domains of different CHOL concentrations. This enabled us to provide insight into the
influence of lipid packing density and hydrophobic thickness on integrin sequestration
and oligomerization in biological membrane. Interestingly, our results showed that
variations in CHOL concentration are associated with significant change in integrin
sequestration. In this case, integrin sequestration appears to be more pronounced at the
center of the lo-ld coexistence region and less significant near the edges of this region.
Interestingly, similar, but qualitatively different, trend was observed on integrins in the
presence of native ligands. Overall, these findings coincide nicely with our other integrin
sequestration studies in that the observed differences in integrin sequestration can largely
be attributed to changes in hydrophobic matching conditions.
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My next project was to investigate the impact of CHOL on membrane buckling
in polymer-tethered lipid monolayers and bilayers. Buckling structures were determined
using EPI and AFM. Quantitative analysis of the AFM data shows that increasing CHOL
concentrations were associated with an increasing membrane buckling in the membrane
in polymer-tethered membranes of low (3 mol%) lipopolymer concentration.
Interestingly, our data suggest that CHOL partially depletes from buckling regions, while
lipopolymers and lipids do not show any measurable phase segregation. CHOL-induced
buckling and lipopolymer-induced buckling show qualitatively similar behavior and
represent stress-relaxation phenomena in response to applied lateral stress in the
membrane. These findings are intriguing in light of the important role of CHOL in
biological membranes, especially in the normal breathing cycle process through the
reversible wrinkling and folding in the lung. Our results are also interesting because
lipopolymers act as crowding agents, thereby mimicking molecular crowding of proteins
in cellular membranes.
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